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PREFACE 



This handbook has been prepared as one of a series on Explosives. 
It is part of a group of handbooks covering the engineering principles 
and fundamental data needed in the development of Army materiel, 
which (as a group) constitutes the Engineering Design Handbook Series 
of the Army Materiel Command. 

This handbook presents information on the design, functioning and 
manufacture of solid propellants for use in propelling charges for guns 
and rockets . 

The text and illustrations for this handbook were prepared by 
Hercules Powder Company under subcontract to the Engineering Hand- 
book Office of Duke University, prime contractor to the Army Research 
Office-Durham for the Engineering Design Handbook Series. 

Agencies ofthe Department of Defense, having need for Handbooks, 
may submit requisitions or official requests directly to Publications 
and Reproduction Agency, Letterkenny Army Depot, Chambersburg, 
Pennsylvania 17201. Contractors should submit such requisitions or 
requests to their contracting officers. 

Comments and suggestions on this handbook are welcome and 
should be addressed to Army Research Office-Durham, Box CM, Duke 
Station, Durham, North Carolina 27706. 
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SOLID PROPELLANTS 

PART ONE 

CHAPTER 1 

INTRODUCTION 



1. Porpose. This Handbook is intended to pro- 
vide a general description of solid propellants 
used in small arms, aitillery, rockets, and some 
other devices. It is assumed that the reader has as 
background the equivalent of an undergraduate 
degree in engineering or physical science, but no 
previous experience in propellants or ballistics. 

2. Definitions. A solid propellant is a chemical 
or a mixture of chemicals which when ignited 
burns in the substantial absence of atmospheric 
oxygen at a controlled rate and evolves gas capable 
of performing work. In order to discuss certain 
phenomena, notably burning and detonation proc- 
esses, it is necessary to define certain terms that 
are used with meanings differing significantly from 
those given in MIL-STD-444. 1 * The more im- 
portant of these are: 

A (solid) monopropellant is a single physical 
phase comprising both oxidizing and fuel ele- 
ments. This is analogous to common usage in 
the liquid propellant field describing a single- 
phase liquid propellant. 

A filler is a discrete material dispersed in 
substantial quaritity in the continuous or binder 
phase of a composite propellant. 

Deflagration is a burning process in a solid 
system, comprising both oxidant and fuel, in 
which the readtion front advances at less than 
sonic velocity and gaseous products if produced 
move away from unreacted material. Whether 
or not explosion occurs as a result of deflagra- 
tion depends on confinement. 

None of these definitions is used for the first 
time in this Handbook. Other definitions are intro- 
duced in the text at appropriate places. Unless 
otherwise noted, definitions are in accord with 

* Numbers refer to items listed as References at the end 
of each chapter. 



MIL-STD-444, Merriam-Webster's unabridged 
dictionary, or common usage. 

3. Plan. In Chapter 2 is described how the 
figures of merit — specific force for gun propel- 
lants and specific impulse or characteristic velocity 
for rocket propellants — are derived from thermo- 
chemical data and empirically verified. Also in 
Chapter 2 is discussed the mechanism of burning 
of propellants and the scheduling of gas evolution 
to meet the requirements of various engines in 
which propellants are used, such as guns, cata- 
pults, rockets, and gas generators. A few simple 
numerical examples are given by way of illustra- 
tion, but detailed discussion of the ballistics of 
such engines is omitted as being beyond the scope 
of this work and available elsewhere. In Chapter 3 
appears a discussion of certain physical properties 
of propellants as related to system requirements. 
In Chapters 4-9 conventional propellants are dis- 
cussed, arranged according to their physical struc- 
ture. Black powder is presented in Chapter 4. 
Crystalline monopropellants appear in Chapter 
5. Plastic monopropellants, commonly known as 
single-base and double-base propellants, appear in 
Chapter 6. These common terms can be somewhat 
confusing, since the class contains propellants 
comprising, for example, cellulose acetate and 
nitroglycerin which are difficult to assign to either 
single- or double-base. Composites comprising 
monopropellant binder and monopropellant filler, 
commonly known as triple-base, appear in Chap- 
ter 7. Again the common term can be confusing, 
as when a nitroguanidine propellant with a single- 
base (nitrocellulose) binder is to be described. 
Manufacturing processes for the propellants of 
Chapters 6 and 7 are given in Chapter 8. Fuel 
binder composites are discussed in Chapter 9. A 
discussion of inert simulants, or dummies, for pro- 
pellants is given in Chapter 10. Higher energy 
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systems are discussed in ORDP 20-176, Solid Pro- 
pellants, Part Two (C). 

Literature consulted in the preparation of this 
Handbook includes publications early in 1960. 
The reader is referred to SPIA/M2, 2 in which will 
be found data sheets for all of the propellants 
developed and used within the Department of De- 
fense including those that will appear subsequent 
to the publication of this Handbook. 



REFERENCES 

1. M1L-STD-444, Military Standard, Nomenctature and 
Definitions in the Ammunition Area, Department of 
Defense, 6 February 1959. 

2. SPIA/M2, Propellant Manual, Solid Propellant In- 
formation Agency, Johns Hopkins University, CON- 
FIDENTIAL. 
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CHAPTER 2 



EVOLUTION OF GASES BY PROPELLANTS 



4. General. The devices in which propellants 
are commonly used, be they devices, such as guns 
that comprise moving pistons, or vented vessels 
acquiring momentum by discharge of gas, are de- 
vices that convert heat energy into mechanical 
energy. They thus fail into the general classifica- 
tion of heat engines. The propellant gas is then 
the working fluid that actuates heat engines. In 
solid propellant heat engines the working fluid is 
generated in situ by burning the propellant within 
the engine. The general problem in fitting a solid 
propellant to a heat engine is the generation of gas 
of specified properties at a specified rate which is 
a function of time. The specifications of gas prop- 
erties and rate of generation are not usually inde- 
pendent of each other. Thus a given problem may 
be solved by using gas with one set of properties 
at one rate schedule or, alternately, by using a dif- 
ferent set of gas properties on a correspondingly 
different rate schedule. The properties of the gas 
are determined by the composition of the propel- 
lant. The derivation of the gas properties from the 
composition is known as thermochemistry of pro- 
pellants. The rate of gas generation is determined 
by the linear rate of burning and charge geom- 
etry. Of these, the linear burning rate as a func- 
tion of pressure is a propellant property. System 
pressure and charge geometry are controlled at 
least in part by the end-item specification. The 
overall problem of selecting a propellant formula- 
tion and geometry to meet a given end-item per- 
formance specification is an exercise in interior 
ballistics. Because the propellant developer owes 
the ballistician both thermochemical data and rate 
versus pressure data, he should have a qualitative 
knowledge of interior ballistics in order to perform 
his function intelligently. 

5. Equation of state. The classical equation of 
state used by ballisticians is known as the Noble- 
Abel equation. For unit mass of propellant it is 
usually written 

P(V — a ) = RT 

where R is the gas constant per unit mass of pro- 
pellant, or more generally 



where R 0 is the universal gas constant. The term 
a is known as the covolume and may be thought 
of as the space occupied by the gas when com- 
pressed to the limit. It has the empirical value of 
about 1 cc per gram for most propellants. 1 The 
significance of the covolume correction may be 
shown by some simple numerical examples. Under 
Standard conditions of temperature and pressure 
(273°K, 1 atm), 1 gram of gas of molecular weight 
22.4 occupies 1000 cc. A temperature of 2730°K 
and a pressure of 68 atm (1000 psi) are conditions 
typical of rocket ballistics. Under these circum- 
stances 

2730 1 
V — a = 1000 X ^ X ^ = 147 cc 

For 1 percent accuracy, V — a does not differ 
significantly from V. It is customary, therefore, in 
rocket ballistics to ignore the covolume correction 
and use the perfect gas equation 



PV = 



WR 0 T 
M 



(la) 



as the equation of state. On the other hand, 
whereas we encounter similar temperatures in gun 
ballistics, the pressures are higher. Taking 3000 
atm (44000 psi) as typical, for 1 gram of gas 



2730 

V - a = 1000 x =^ x 



1 



273 3000 



= 3.3 cc 



P(V -aW) = 



WR„T 
M 



(D 



Under these conditions, V — a differs significantly 
from V, and the covolume correction must be 
made. For precise calculations, other equations of 
state of greater precision than Equation 1 are used. 
These equations are more complex and contain 
constants the physical significance of which is more 
difficult to understand. In such calculations the 
departure from the perfect gas law is still called 
the covolume correction. The covolume if evalu- 
ated is no longer a constant but is a variable with 
a value still in the neighborhood of Noble-Abel's o. 

6. Ballistic parameters. Different systems*"' of 
interior ballistics have been developed by gun bal- 
listicians on the one hand and by rocket ballis- 
ticians on the other. Both types of system depend 
on the same primary thermochemical properties 
of propellant gases, but use different parameters as 
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working tools. Thus, as a measure of the ability 
of the combustion products of propellants to per- 
form in their respective heat engines, gun ballis- 
ticians use the parameter specific force (often 
abbreviated to force), or impetus, F. Rocket bal- 
listicians use for the same purpose characteristic 
velocity, c*, or specific impulse, I, v . Auxiliary 
power unit engineers sometimes use gas horse- 
power, Ghp. 

6-1. Specific force. Specific force, F, is a meas- 
ure of the ability of the propellant gas to perform 
work. It is defined by the equation 

R.T V 



F - 



M 



(2) 



and is expressed in terms of foot-pounds per 
pound. 

6-2. Characteristic velocity. Characteristic ve- 
locity, c*, is not a significant physical quantity. 
P A e 

It is defined as 'V , where P c is chamber pres- 
to 

sure, A t is nozzle throat area, and W is burning 
rate in pounds per second. Mathematical analysis 9 
shows that it can be computed* from the thermo- 
dynamic properties of the gas as 

6-3. Reduced characteristic velocity. Equation 
3 may be rewritten 

y+ 1 



=^k(iy(^y"-" o») 

\ M c* 
The quantity ■> ^ R ^ t mav be called ^ re_ 

duced characteristic velocity; it is dimensionless 
and is a function only of the specific heat ratio, y. 
In Table 1 are shown the values of the reduced 
characteristic velocity for different values of y. 
The characteristic velocity is obtained by multiply- 

ing the reduced characteristic velocity by ^ g ^^ f . 
The comparatively small change of the reduced 



TABLE 1. REDUCED CHARACTERISTIC 
VELOCITY 

7+1 



1.15 
1.20 
1.25 
1.30 
1.35 
1.40 



1.566 
1.542 
1.520 
1.499 
1.479 
1.461 



2(7- l' 



characteristic velocity with changing y points out 
that the characteristic velocity is a stronger func- 
T 

tion of -r| than of y. 

M 

6-4. Specific impulse. Specific impulse, l, v , is 
defined as the impulse (force x time) delivered 
by burning a unit weight of propellant in a rocket 
chamber. From rocket ballistic theory 10 can be 
derived the equation 



K = 



ZyRoTp . _ * (4) 

'*M(y-l)L \P C ) J 

Note that this parameter becomes a thermo- 
dynamic function of the propellant only when the 
p 

ratio p- a is specified. The current United States 

convention is to consider P a as one atmosphere 
(14.7 psi) and P c as 1000 psi unless otherwise 
specified. Imphed in this formula is the assump- 
tion of zero half-angle of nozzle expansion. See 
also Paragraph 8-4. 

6-5. Reduced specific impulse. Equation 4 may 
be rewritten 




The quantity ^~^f is known as the reduced 

specific impulse; it is dimensionless, and depends 

p 

only on the pressure ratio, and the specific 
scnpt or superscnpi o, 10 auierenuaie itoui voiucs us- e 
pending on direct measurements. See also Paragraph 8-3. heat raUo, y. A plot of the reduced specific im- 



* Computed thermodynamic values are denoted by sub- 
script or superscript o, to differentiate from values de- 




pulse as a function of pressure ratio for various 
■y 's is shown in Figure 1. The use of this chart in 
calculating specific impulse is illustrated in the 
numerical example, Paragraph 7-7. 

6-6. Volume specific impulse. The product of 
specific impulse and density, expressed in units 
of pound-seconds per cubic inch, is known as the 
volume specific impulse. If a proposed rocket 
motor has a fixed propellant envelope, it will gen- 
erate impulse roughly in proportion to its volume 
specific impulse. Thus a propellant with lower spe- 
cific impulse but higher density may sometimes 
outperform one with higher specific impulse and 
lower density. If the proposed rocket motor re- 
quires a given total impulse but has no envelope 
requirement, the volume of the propellant, and 
hence the size and weight of the (inert) cham- 
ber, will be lower the higher the volume specific 
impulse. 

6-7. Gas horsepower. Gas horsepower is de- 
fined as 



Ghp = 



W 
550 



Here again is a parameter that does not become 

a thermodynamic function of the propellant unless 
p 

the ratio is specified. There appears to be no 
"i 

p 

United States convention whh respect to ■=*. Gas 

"i 

horsepower is therefore not purely a propellant 
property. 

7. Thermochemistry. Thermochemical data re- 
quired for the determination of the above param- 
eters are the burning temperatures at constant 
volume and at constant pressure, T v and T p , re- 

spectively, specific gas volume, 77, and, ratio of 

M 

specific heats, y. The burning temperatures and 
composition of the product gas are also impor- 
tant from the standpoint of compatibihty with the 
surroundings. In propellants the surroundings in- 
clude the inert parts of the heat engine which must 
remain intact through the cycle or even have a 
service life of many cycles. 



7-1. Specific gas volume. Specific gas volume, 
is the number of weight moles of gas pro- 
duced in the burning of a unit weight of propel- 



M 
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lant. In all cases where only gaseous products 
result, M is the average molecular weight of the 
product gas. The gas volume is determined from 
the conservation equations for the elements 



2C = [C0 2 ] + [CO] 

2H = 2[H 2 ] + 2[H 2 0] + [HC1] 

SN = 2[N 2 ] 

2C1 = [HC1] 

20 = [CO] + 2[C0 2 ] + 2H 2 0 
[C0 2 ] + [CO] + [H 2 ] + [H 2 0] + 



(6a) 
(6b) 
(6c) 
(6d) 
(6e) 



[N 2 ] + [HC1] = (7) 



1 



= 2C + ViZN + VilH + V^SCl 



(8) 



In these equations, 2C, e. g., is the total number 
of weight atoms of carbon in a unit weight of pro- 
pellant and [C0 2 ] is the number of weight moles 
of C0 2 in the gas from the unit weight of pro- 
pellant. If *< is the weight fraction of ingredient / 
in the propellant composition and C< the number 
of weight atoms of carbon in unit weight of /, then 

2C = 2(;c,C«) (9) 

2H, 2N, and ICI are derived in the same way. 

7-2. Flame temperature at constant volume. 

The flame temperature at constant volume is de- 
termined by solving the equation 



dT 



(10) 



where y j is the mole (volume) fraction of a prod- 
uct gas constituent /, e. g., C0 2> in the gases 
formed from the propellant and C Vj is the molar 
heat capacity of the same gas constituent. The 
heat of explosion 01 calorifk value of the propel- 
lant, Q, usually expressed in calories per gram, is 
the difference at reference temperature, T 0 , be- 
tween the heat of formation of the products and 
the heat of formation of the propellant. 

~Q — AEproduct» — AiSpropellant (11) 

Assuming no heat effect of mking 

A£ pr0 peii« n t = HxAE i ) (12a) 

where AE 4 is the heat of formation of ingredient / 
per gram. 

*E pmiacU = j^2(y,AE,) ( 12 b) 



where AE,- is the heat of formation of product / 
per mole. 

The quantities y, are derived from Equations 
6a-6c and various gas equilibrium equations, of 
which the most important is the water gas equi- 
librium 

[CO][H 2 Q] _ 
[C0 2 ][H 2 ] 



K 0 T 



(13) 



In actual systems there may be found small 
quantities of constituents other than those dis- 
cussed above, such as CH 4 , NH 3 , NO, OH, H, 
O, and N, as well as products of other atomic 
species if present in the propellant. For each such 
constituent there is available an equilibrium con- 
stant Ki(T) similar to K 0 (J) (Equation 13) and 
an estimate of its molar heat capacity. 

The constants Ki(T) and the various C v 's and 
AE's have been quite precisely evaluated as func- 
tions of temperature, T." 

7-3. Flame temperature at constant pressure. 

The calculation of T r is simUar to that of T v , 
except that instead of Equation 10 we must use 
the following 



(14) 



where C r . is the heat capacity at constant pres- 
sure of gas constituent /. 

Since burning is now at constant pressure, en- 
thalpy instead of heat of formation must be used. 

~Q — AWproductg — Affpropeilant» (15) 
AffpropelLnt = 2(^0 d»») 

Afl productB = KyAHj) (16b) 

7-4. Ratio of specific heats. The value of y for 
a propellant is the weighted average of the y's of 
the gas constituents 



(17) 



The values of y used are not the ratios of heat 
capacities at room temperature, but the ratios at 
operating temperatures of the heat engines con- 
cerned. 
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7-5. Exact calculation of flame temperature and 
product composition. The calculation of the flame 
temperature and product gas composition is done 
by trial, starting usually with an assumed tempera- 
ture. This is an iterative process and is profitably 
done with a machine calculator, particularly when 
gas equilibria other than the water gas equilibrium 
must be considered. Programs 1 *" 14 have been 
worked out for such calculations, assuming essen- 
tially only adiabatic conditions and chemical and 
thermodynamic equilibria, to give results of accu- 
racy limited only by the thermodynamic data of 
the individual species considered. These programs 
also are used for calculated specific impulse on the 
basis of either frozen composition flow or equilib- 
rium flow through the nozzle. A JANAF Thermo- 
chemical Panel exists for the coordination of 
thermochemical data and calculating procedures. 

The exact calculation, even with a sophisticated 
machine calculator, is time consuming. Conse- 
quently nearly every propellant development facil- 
ity has for internal use a short-cut calculation 
yielding approximate results useful for screening 
and program guidance. Many of the data reported 
in the literature, including some SPIA/M2 data 
sheets, are the results of such approximate calcu- 
lations and should be confirmed by exact calcula- 
tions before important decisions are based on them. 

Two approximate calculations that have been 
used by more than one facility are described in 
Paragraphs 7-6 and 7-8. 

7-6. Hirschfelder-Sherman calculation. 19 It is 

possible 18 to calculate Q from additive constants 
Qi which are defined as the contributions of ingre- 
dients / to the heats of explosion of propellants 
containing them. The Hirschfelder-Sherman calcu- 
lation takes as the reference temperature 2500°K. 
The heat of explosion, Q, of the propellant differs 
from the heat required to bring the combusdon 
products to 2500°K by an amount E, which can 
also be calculated from additive constants E t 
which are properties of the ingredients /. Finally, 
the heat capacity of the product gas at 2500°K is 
estimated from additive constants C v . which are 
properties of the ingredients /. These heat capaci- 
ties are assumed constant for the interval from 
2000°K to 3000°K. The bunting temperature at 
constant volume, T v , is then given by the equation 



The gas volume, j~, is calculated by Equation 8, 

and the force, F, by Equation 2. 

If T, is above 3000°K, a better approximation 
of T. is given by the relationship 

T, = 3000 + 6046 j- (C v + 0.01185) + 



„ + 0.01185)2+ A (m 
08(10-4)(£ - 500C t .)]2/ Kiy) 



[(C 

3.308(10 



In order to calculate characteristic velocity 
from Equation 3 or specific impulse from Equa- 
tion 4 (see also Reference 17) we need the flame 
temperature at constant pressure, T p , and the ratio 
of specific heats, y, at the working temperature. 
The value of y is given by the relationship u 



y = 1 + 



1.987 
C r M 



from which T p is calculated by the equation 



(20) 



(21) 



Additive constants for a number of propellant 
ingredients are given in Table 2. Constants for 
other organic ingredients can be estimated from 
the relationships' 9 



(m) , = C, + 



l /2N t + ViHi 



(8) 



T v = 2500 + 



C, 



(18) 



C„ = 1.620C, + 3.265# ( + 5.1930 ( + 3.384N 4 

(22) 

Q t = (-AE), - 6742 1[2C, + VSff 4 - O,] (23) 



E, = (-A£), - 132771Ci - 

40026//i + 518190, - 6724N, 

where (— A£), is the heat of combustion of ingre- 
dient /. 

Within the range 2000° to 4000°K for T v this 
method gives results within a few percent of the 
exact method. The method should not be used 
for propellants with T v over 4000° K as it does 
not allow for dissociation to free radicals, such as 
H, OH, and Cl. It should also not be used for 
propellants yielding a substantial amount of con- 
densed exhaust. 
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TABLE 2.1 THERMOCHEMICAL CONSTANTS FOR 
HIRSCHFELDER-SHERMAN CALCULATION" 



Acetone 

Ammonium dichromate 
Ammonium nitrate 
Ammonium perchlorate 
Ammonium picrate 
Asphalt 

Bd-MVP copolymer (90% butadiene, 10% 2-methyl-5-vinylpyridine 
copolymer) 

Butyl carbitol adipate 

Butyl carbitol formal 

Carbon black 

Cellulose acetate 

Diallyl maleate 

Di-n-butyl phthalate 

Dibutyl sebacate 

Di-(2-ethylhexyl) azelate 

Diethyl phthalate 

Diglycol dinitrate 

Dinitrophenoxyethanol 

Dioctyl phthalate 

Diphenylamine 

Diphenylguanidine 

Ether 

Ethyl alcohol 
Ethyl centralite 
Oraphite 
GR-I rubber 

HMX, Cyclotetramethylenetetranltramine 

Lead stearate 

M&V 

N-Methyl-/7-nitroaniline 
Metriol trinitrate 
Mineral jelly 
NitroceUulose, 12.2% N 
Nitrocellulose, 12.6% N 
NitroceUulose, 13.15% N 



Qt 


C 'i 


Et 


W, 


— 1938 


0.5104 


—2842.5 


0.10331 


1290 


0.2700 


610 


0.0200 


14S0 


0.4424 


405.1 


0.03748 


1603 


0.3167 


800.22 


0.2128 




0.3213 


— 1 17 


0.04470 


— 2302 


0.2179 


— 2305 


0.09450 


-2741 


0.4132 


-3183 


0.11544 


-1836 


0.4923 


-2629 


0.09899 


-1802 


0.5229 


-2652 


0.10403 


-3330 


0.1349 


-3187.5 


0.08326 


-1263 


0.3953 


-1971 


0.06929 


-1358 


0.3872 


-1957 


0.08155 


-2071 


0.4258 


-2656 


0.09701 


-2395 


0.5108 


-3159 


0.1113 


-2612 


0.5272 


-2272 


0.11876 


-1760 


0.3866 


-2348.7 


0.08550 


1073 


0.3857 


232.4 


0.04589 


-15 


0.3369 


-633.4 


0.05698 


-2372 


0.4650 


-3020 


0.11026 


-2684 


0.3471 


-3010 


0.10637 


-2270 


0.3476 


-2626 


0.09941 


-2007 


0.5970 


-2958 


0.12143 


-1716 


0.6083 


-2785 


0.10854 


-2412 


0.3905 


-2766 


0.10434 


-3370 


0.1349 


-3234 


0.08326 


-3257 


0.5779 


-4006 


0.14235 


1321 


0.3414 


575 


0.0405 


-2000 


0.3976 


-2440 


0.09180 


-1827 


0.3976 


-2440 


0.09180 


-1095 


0.35808 


-1625 


0.07887 


1189 


0.3052 


377 


0.04313 


-3302 


0.5811 


-475 


0.1426 


900 


0.3478 


137.7 


0.04127 


956 


0.3454 


198.9 


0.04040 


1033 


0.3421 


283.1 


0.03920 
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TABLE 2. THERMOCHEMICAL CONSTANTS FOR 



HTRSCHFELDER-SHERMAN CALCULATION" (Continued) 



2-Nitrodiphenylamine 


ion 

— 1513 


U.32ZO 


— ZZU1 


U.vMl 1 


Nitroglycerin 


1 "70 < 

1785 


U.343B 






Nitroguanidine 


713 


U.371U 


Do. O 


U.WoUo 


PETN, Pentacrythritol tetranitrate 


1531 


0.3424 


727 


A A4 4B 

0.0348 


Petrin 


t ini 
1202 


0.3703 


374 


A AJI AA 

u.iHiuy 


Polyester 


—2184 


0.3SS2 


— 2620 


0.09123 


Polyisobutene 


— 3228 


A «TOO 

0.57S8 


— 3701 




Poly (mcthyl acrylate) 


— 1404 


0.4231 


—2111 


A A0 1 4 A 

0.08140 


Polystyrene 


—2983 


0.3739 


— 3309 


Alt fll 

0.11523 


Polyurethane 


— 3296 


0.4073 


— 3773 




Polyfvinyl chloride) 


-1614 


0.2080 


-1851 


0.05600 


Potassium nitrate 


1434 


0.2158 


24.9 


0.00989 


Potassium perchlorate 


1667 


0.2000 


800 


0.00722 


Potassium sulfate 


300 


0.1250 


-800 


0.00574 


RDX, Cyclotrimethylenetrinitramine 


1360 


0.3416 


615 


0.0405 


Sucrose octaacctate 


-1121 


0.3941 


-1825 


0.06922 


Triacctin 


-1284 


0.4191 


-1973 


0.07333 


Triethylcne glycol dinitrate 


750 


0.40430 


-89.24 


0.03412 


Triaitrotoluene 


491 


0.3037 


-110 


0.04843 



7-7. Ezaraple cakulation of F, c?, /„"„ by the 
HirschfeWer-Sherman method. Consider a propel- 
lant of composition: 

Nitrocellulose, 12.6% N 0.50 

Nitroglycerin 0.49 

Ethyl centralite 0.01 

From the composition and Table 2, we have 

Weight 



Ingredient 


fraction 




x,C, 

i 




x,/«f, 


Nitrocellulose 


0.50 


478 


0.1727 


99.5 


0.02020 


Nitroglycerin 


0.49 


875 


0.1685 


466.4 


0.01510 


Ethyl centralite 


0.01 


-24 


0.0039 


-27.6 


0.00104 


Sammations 


1.00 


1329 


0.3451 


538.3 


0.03634 



Isochoric ftame temperature: 
T v by Eouation 18: 2500 + = 4060°K 

Since tbis is higher than 3000°K, we must calcu- 
late by Equation 19 

T v = 3000 + 6046 j- (0.3451 + 0.01185) + 
[(0.3451 + 0.01185)2 + 3.308 X 10~* X 

(538.3 - 500 X 0.3451)]2| 
= 3855 °K or 6940°R 

Force: 

F = = 1543 X 6940 X 0.03634 
= 389,000 ft-Ib/lb 



Specific heat ratio: 

. , 1.987 X 0.03634 
Y= 1 + 03451 = 1-2092 

hobaric flame temperature: 

T, = |||| = 3188°K or 5738°R 

Characteristic velocity, c?. - From Table 1, the 
reduced characteristic velocity corresponding to 
y = 1.209 is 1.540. The characteristic velocity, 
cj, is then 



c* = 1.540 V 32.2 X 1543 X 5738 X 0.03634 
= 4950 ft/sec 

Specific impulse, lf f : From Figure 1, the reduced 
specific impulse corresponding to y = 1.209 and 
p 

-f = 0.015 is 2.445. The specific impulse, /,£, is 
then 



14 = 2.445^- 



1543 X 5738 X 0.03604 



32.2 



= 245 lb-sec/lb 



7-8. ABL short calculation for specific im- 
pulse.' 1 In order to shorten the time and com- 
plerity of the exact calculation for specific impulse 
of propellants with condensible exhaust, the ABL 
method makes a number of simplifying assump- 
tions. Chief among thern are: 

(a) No product dissociation is considered. 

(b) A priority system applies to the forma- 
tion of the products. Thus, oxygen first oxidizes 
all Ught metal, then converts C to CO, then 
H 2 to H 2 0, and any oxygen still not used up 
converts CO to C0 2 . 

(c) Certain latent heats are completely re- 
covered during nozzle expansion. 

The calculation can be performed with a desk 
calculator, but is usually done with a larger calcu- 
lator if available. 

Results of this calculation may differ from exact 
calculation results by as much as 3 percent. 

The results do not represent either frozen flow 
or equilibrium flow, but agree fairly well with 
exact equilibrium flow calculations. 

The assumption of no dissociation leads to arti- 
ficial values for T t . 

8. Measurement of ballistic parameters. The 
empirical determination of the ballistic parameters 
is discussed in the next few paragraphs. 



8-1. Measurement of heat of explosion. The 

heat of explosion of a propellant, Q, also known 
as the calorific value, is measured by burning in 
a bomb calorimeter under an inert atmosphere. 
Two types of calorimeters have been in common 
use. In the Boas calorimeter the loading density, 
or weight of propellant per unit volume, is fairly 
high, leading to pressures of some thousands of 
pounds. This calorimeter need not be prepressur- 
ized. In a coal calorimeter, the loading density is 
low and an initial inert gas pressure of some 200 
to 300 psi is required. Both types of calorimeter 
give essentially the same values of Q. 

For thermochemical purposes, the observed heat 
must be corrected for the heat of condensation of 
water and for shifting gas equilibrium during the 
cooling of the calorimeter and its contents. This 
correction amounts to about 10 percent and may 
be so approximated." Uncorrected calorimetric 
values, denoted "water liquid," are of considerable 
utility as a quality assurance measure in volume 
production of propellants to verify that successive 
lots of propellant manufactured to the same for- 
mula actually duplicate each other within specified 
limits. The calorimeter test can be run with much 
less effort and more precision than a complete 
chemical analysis. The procedure for the calorim- 
eter test is given in a Navy Department Bureau 
of Ordnance report. 23 Calorific values encountered 
in propellants seldom exceed 1500 cal/g and are 
accordingly much less than for ordinary fuels. The 
obvious reason for this is that ordinary fuels draw 
on atmospheric oxygen for their combustion re- 
actions, whereas propellants must carry their oxi- 
dants within themselves in order to function in 
the absence of air. 

8-2. Measurement of specific force. Combining 
£quations 1 and 2 we get 



F ~ iY-aW) 



(25) 



A direct experimental measure of F should then 
be obtained from the pressure developed under 
adiabatic conditions by burning a weight, W, of 
propellant in a closed chamber of volume, V. Be- 
cause truly adiabatic conditions can only be ap- 
proached, a related concept, that of relative force, 
is used. If equal weights of two propellants with 
the same burning time are fired consecutively in 
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the same closed vessel at the same initial tempera- 
ture, W and (V — aW) are constant. Then 



Fj, the force of the Standard propellant, is arbi- 
trarily assigned the value 100 percent, and the 
relative force, RF, of the propellant under exami- 
nation becomes 



RF = ?£ x 100% 



(26) 



Relative force is used in quality control of gun 
propellants to assure that successive lots of the 
same formulation duplicate each other. In develop- 
ing a new propellant to replace an existing one, 
a measurement of relative force is useful as an 
indication that the relationship between calculated 
and delivered force is or is not similar to the rela- 
tionship for the lcnown Standard propellant. The 
procedure and description of apparatus for the de- 
termination of relative force may be found in an 
Army Service Forces Directive." 

8-3. Measurement of characteristic velociry. 

Delivered or actual characteristic velocity, c*, is 
defined as 



' ~ w J 



P c dt 



(27) 



It is determined experimentally by static firing of a 
weight, W, of propellant in a vented vessel of 
known throat area, A t , measuring the chamber 
pressure as a function of time, and integrating. 
The JANAF Solid Propellant Rocket Static Test 
Panel has published" a survey of existing static 
test facilities and is continuing to coordinate test 
procedures. Comparison of c* with c 0 * gives a 
measure of the operating efficiency of the vented 
vessel. In similar heat engines with similar pro- 

c* 

pellants, — j should remain nearly constant. The 

c 0 

difference between c? and c* is due largely to 
heat losses to the motor walls. 

8-4. Measurement of specific impulse. Deliv- 
ered or actual specific impulse, /, P , is defined as 



(28) 



Tbis parameter is determined also by static firing 
a vented vessel, but measuring thrust." 



Unless the operating and discharge pressures 
are 1000 psi and 14.7 psi, respectively, the meas- 
ured /, p must be corrected to these values. Cor- 
rections must be applied also for the divergence 
half-angle of the nozzle, since the amount of 
impulse delivered decreases as nozzle angle in- 
creases.* 7 The usual convention for half-angle is 
15°. Part of the difference between /£ and I, t 
is therefore due to the divergence loss. The 15° 
convention is unfortunately not always observed. 
Some measured /, p data reported in the literature 
have been corrected to zero half-angle. In using 
I sp data, one must identify which half-angle cor- 
rection has been used. 

8-5. Example calculation of / SP from measured 
I, p (del) at nonstandard conditions. The following 
data were taken from an actual rocket firing: 

Expansion ratio, e e = -r £ = 2.779 
At 

Mean chamber pressure, P c = 218 psia 
Nozzle divergence half-angle, o = 20° 
Specific heat ratio, y = 1.17 
/,„ (del) = 201.3 lb-sec/lb 

The correction of h p (del) to Standard condi- 
tions involves the parameter thrust coefficient, C F , 
from interior ballistics. The thrust coefficient, de- 
fined as 



F _gh 



(29) 



P e A, c* 

measures the contribution of the nozzle to the 
rocket thrust. Since c* is independent of discharge 

conditions, for any given rocket firing 7^- is a 

constant independent of nozzle and external con- 
ditions. 

The thrust coefficient has its maximum value 
when expansion in the nozzle is to zero pressure 
(vacuum) and discharge is also to zero pressure. 
For any other exit pressure the vacuum thrust 

coefficient must be corrected by a term ^jj 5 ^- M 
the ambient pressure differs from the exit pres- 
sure another correction involving £ ^|^ must be 
applied. 



Values of C F and e 



are obtained from 



Thrust Coefficient and Expansion Ratio Tables" 
of which the tabulated C F is for vacuum discharge 
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and zero divergence angle. The divergence angle 
correction 27 is made by the equation 

A = 0.5 + 0.5 cos o 

so that the overall correction becomes 
actual C F = 

»[c,w»-.(fc)] + .(£)-.(fc) 

For the example at hand, using the table values: 
Firing conditions Standard conditions 



(k) 



1.54358 
0.21405 
0.9699 



1.75284 
0.13856 
0.983 



Inserting numerical values, and noting that for 
Standard conditions P< = P a 

C F (firing)* = 0.9699(1.54358 - 0.21405) + 
0.21405 - 2.779 X 14 7 



1.316 



218 



C F (std) 



= 0.983(1.75824 - 0.13856) 
= 1.587 



The corrected value of /,„ at Standard condition 
is, therefore, 

201.3 x |^ = 242.8 lb-sec/lb 
l.Jlo 

9. Bunting of propcllants. Heat will be trans- 
ferred by radiation, conduction, and/or convec- 
tion to the surface of a cold solid propellant 
suspended in a not atmosphere. If the solid is 
essentially a nonconductor of heat, the heated sur- 
face will pyrolize, giving rise to gaseous products 
and exposing new surface to the hot atmosphere. 
The gas in immediate coritact with the burning sur- 
face 89 will be the uncontaminated pyrolytic prod- 
ucts of the surface, at the temperature of pyrolysis. 
Moving out from the surface the gases are raised 
to the temperature of the hot atmosphere and 
undergo reactions among themselves and with the 
atmosphere so that the hot atmosphere continues 
to exist in a state of equilibrium among the sev- 
eral chemical species present. If the solid is a 
monopropellant and the hot atmosphere comprises 
its combustion products at flame temperature, the 

*Since this value is a theoretical value derived from 
approximate measured parameters, it does not necessarily 
agree with a value of Cr calculated by Equation 29 from 
measured /., and c* 



primary pyrolytic products are given off already 
premixed and in proportions such that the final re- 
action of the products among themselves will bring 
the gas to flame temperature and thus duplicate the 
hot atmosphere in temperature and composition. 

Although the temperature rise and composifron 
changes are continuous from the unchanged pro- 
pellant to the products at flame temperature, it is 
convenient for analysis to break the process down 
into several phases as represented by Figure 2. 
Region A represents the unheated interior portion 
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A. COLD PROPELLANT 

B. HEATED PROPELLANT 

C PYROLYSIS ZONE (FOAM ZONE) 

D. PRIMARY GASEOUS PYROLYTIC PRODUCTS 

E. GAS HEATING ZONE (FIZZ ZONE ) 

F GAS REACTION ZONE (FLAME ZONE) 
G. BURNED GAS 



Figure 2.\ Burning of Solid Monopropellanf 



of the solid. In region B a thin layer of the solid 
is being heated to pyrolysis temperature, TV In 
region C pyrolysis is taking place and gaseous 
products are being formed. The pyrolytic reactions 
may or may not involve the formation of liquid 
intermediates (foam zone). A layer of primary 
gaseous pyrolytic products at temperature 7\ is 
region D. In region E (fizz zone) these gases are 
heated to ignition temperature. In this process 
they may undergo low temperature reactions of 
an exothermic character and produce some heat. 
The bulk of the heat is generated in the flame zone, 
region F, to yield finally burned gas at tempera- 
ture T in region G. 

At operating pressures in the neighborhood of 
several hundred pounds per square inch and 
higher, the thickness of the regions B through F 
is small, perhaps of the order of 10 -2 inches in 
total. By operating at greatly reduced pressures 
one can broaden these regions. The foam zone, 
fizz zone, and flame zone have been observed in 
experiments of this type." 

The linear rate of burning of the monopropel- 
lant depends on the rate at which the surface 
receives heat from the surrounding combustion 
products. Ali exposed surfaces that can "see" the 
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hot combustion products should receive heat at 
the same rate and therefore burn at the same rate. 
The burning surface should recede by parallel 
layers. This conclusion, known as Piobert's Law' 1 
and first announced for black powder, has been 
verified for monopropellants under both rocket 
and gun conditions by examination and measure- 
ment of partially burned grains. It appears also to 
hold for composite propellants, although the ex- 
planation cannot be as simple. 

The rate of regression of a burning propellant 
surface, measured normal to the surface, is known 
as the linear burning rate, r. It is usually expressed 
in terms of inches per sccond. When r is multiplied 
by the area of the burning surface, S, and by the 
density we have, finally, the weight — or mass — 
burning rate, expressed as pounds per second 



W = rS P 



(30) 



Several factors are recognized as affecting the 
burning rate. Among these are pressure at which 
burning is taking place, initial temperature of the 
propellant, gas velocity over the burning surface, 
and composition of the propellant. 

9-1. Effect of pressure. Increasing the pressure 
at which burning takes place should increase the 
rate of heat transfer from the flame to the pro- 
pellant by increasing the density of the gas phase 
and thereby decreasing the thickness of regions 
D and E through which the heat must be trans- 
ferred. The influence of pressure has been studied 
in both closed bombs and vented vessels over 
a period of years, and empirical equations in 
various forms developed by different schools of 
ballisticians. 

r = bP" (31a) 
r = a + bP (31b) 



de Saint Robert equation" 
Muraour equation" 

Summerfield equation" j = j; + *^^ ! 



«/3 (31c) 



If the log P — log r relation for a propellant 
is plotted we get a family of curves resembling 
Figure 3 from propellants behaving according to 
Equation 3 la, from which the values of b and n 
can be evaluated. The constant n is the slope of 
Ihe log rate versus log pressure line. At gun pres- 
sures, 10,000 to 50,000 psi, nearly all propellants 
follow Equation 3 la, with n = approximately 
O.9. 34 At rocket pressures, below 2000 psi, n for 
the same propellant is generally lower than at gun 




LOG PRESSURE 



Figure 3. Rate-Pressure Relationship of Propellants 
for Which r = b/>" 



pressures. In this region will be found propellants 
giving the normal straight line log rate versus log 
pressure relationship, but also many propellants 
deviating widely from it. Two types of curves are 
worthy of special mention. 

Propellants showing a region of markedly re- 
duced n, as shown in Figure 4, are known as 




LOG PRESSURE 



Figure 4. Rate-Pressure Relationship of Plateau 
Propellants 
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"plateau" propellants." This behavior is shown by 
certain nitrocellulose system propellants contain- 
ing small amounts of lead compounds and by 
some fuel binder ammonium perchlorate compos- 
ites. The effect of the lead compounds is to in- 
crease the burning rate in the plateau region, and 
at lower pressures, as shown by the fact that with- 
out the lead the propellant would show a normal 
curve coinciding with the high pressure branch of 
the plateau propellant's curve and continuing nor- 
mally into the lower pressure region (dotted line, 
Figure 4). The mechanism of plateau formation 
has not been fully elucidated. From Equation 3 la 
the pressure in a vented vessel is of the form" 



P = const x 



(f? 



(32) 



from which it is apparent that a low value of n 
is desirable in rocket propellants to decrease the 
sensitivity of the operating pressure to small 
changes in b (a function of propellant ambient 
temperature); S, the burning area; and A t , the 
throat area. In practical terms, a low value of n 
permits design of lighter weight rocket motor 
chambers by decreasing the requirement for high 
safety factors to take care of deviations of b, S, 
or A t from design values. 

As a low value of n is desirable, a negative value 
is even more desirable. Propellants are known 
which show negative values of n over short pres- 
sure ranges, as shown in Figure 5." They are 
known, from the shape of the curves, as "mesa" 
propellants. In the region of negative slope, should 
the pressure increase as a result of sudden expo- 
sure of additional burning surface or by partial 
constriction of the throat the rate would drop 
immediately to restore the balance. The close ap- 
proach of the isotherms also contributes to a low 
temperature coefficient of performance for vented 
vessels designed to opente in this region. Cross- 
ing of isotherms indicates a region of negative 
temperature coefficient. 

9-2. Effect of temperature. As can be seen from 
the isotherms of FigureS 3, 4, and 5, the initial 
temperature of the propellant has a significant 
effect on the linear burning rate. If all of the heat 
transferred to the propellant surface from the com- 
bustion products were used to raise that surface 
to a temperature T', at which vaporization or 
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Figure 5. Rate-Pressure Relationsbip of Mesa 
Propellants 



reaction becomes appreciable, one would expect 
the temperature-rate relationship to assume the 
form 



r = 



b'P" 



(T' - Ti) 



(33) 



where b' is a constant and T> is any initial tem- 
perature. By measuring the linear burning rates 
at the same pressure for the same propellant at 
two initial temperatures one could calculate T'. 
Another frequently used relationship is 



r - b"P"e"(Ti - T u ) 



(34) 



where b" and u are constants and T 0 is a refer- 
ence initial temperature. A linear relationship has 
also been noted. 38 The existence of regions of nega- 
tive temperature coefficient described above is not 
consistent with either of these relationships, so 
the effect of propellant temperature on linear burn- 
ing rate remains largely an empirical relationship. 

In the SPIA/M2 data sheets four temperature 
coefficients may be found. Of these the tempera- 
ture coefficient of burning rate at constant pressure, 

"gj-j > is estimated from the rate-pressure 

curves (Figures 3, 4 or 5) using the intersections 
of the curves for the different temperatures with 
a vertical line at the constant pressure of interest. 
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Since for a real rocket motor the working pressure 
is not the same at different grain temperatures, 
this parameter does not have real significance. 
The temperature coefficient of burning rate at con- 

-g^M is determined em- 

pirically by static-firing rocket motors at different 
grain temperatures and dividing the known web 
dimensions by the burning times to get the rates. 
Since neither the burning surface nor the nozzle 
throat area changes appreciably with ambient 
temperature, the assumption of constant K value 
between rocket motors of the same design at dif- 
ferent temperatures is good. The temperature co- 
efficient of pressure at constant — value, -n v = 
/dlnP\ 

l gj If is determined from the rate-pressure 

curves, using the intersections of the curves for 
the different temperatures with 45° lines which 
p 

are lines of constant — . In real rocket motors the 
r 

p 

assumption of constant — with changing tempera- 
ture is better than the assumption of constant pres- 
sure, but this parameter still has only qualitative 
value. The more significant temperature coefficient 

of pressure at constant K value, tt k = (^£f^ > is 

again determined e-mpirically by static firing at dif- 
ferent temperatures. Ali four of these parameters 
are expressed in units of percent per degree, usually 
Fahrenheit. Low values of these coefficients are 
desirable. 

9-3. Effect of gas velocity. Erosive burning. 

When burning occurs inside tubes of propellant 
such as the perforations of gun propellant and the 
interior surfaces of rocket propellant, it is found 
that the linear burning rate at and near the exit 
of the tube exceeds the normal rate. The shape of 
the "eroded" region suggests a velocity effect, and 
indeed the erosion law may be written 



r = Z,P-(1 + K^) 



(35) 



where V is the local gas velocity in the tube and 
C is the velocity of sound in the combustion prod- 
ucts. In the case of a single intern al-buming rocket 
grain in a rocket 3 ' motor, VA r = C A, where A, 



is the "port area" or the exit area of the tube 
and A t is the nozzle throat area, so Equation 35 
becomes 



r = fcP»(l + kM) 
A, 



(35a) 



which is in a more convenient form for use by 
rocket designers, The constant K 1 is called the 
"erosivity constant" and is a measure of the sus- 
ceptibUity of a propellant to erosion. Its" value is 
of the order of 0.5 to 1.0. Equation 35 will be 
recognized as a linear approximation, applicable 
over the range of gas velocities for which the con- 
stant K± has been developed. A theoretical treat- 
ment of erosion 40 has been based on the transition 
from laminar flow to turbulent fiow of the com- 
bustion products within the perforatiori. 
An erosive burning law 

r=bP K + T A O 



L 0 - 2 



(36) 



has been developed 41 from consideration of heat 
transfer to the propellant walls from the hot gas 
passing down the perforation. In this equation, a 
and /J are constants characteristic to the propel- 
lants burned, G is the mass velocity of the gases 
in the port, and L is the distance downstream from 
the stagnation point. 

9-4. Effect of composition. As the driving force 
for the burning of propellant is the temperature of 
the combustion products, all theories agree that 
hot propellants should have a higher linear burn- 
ing rate than cool ones. This is found quite gen- 
erally true at gun pressures and also at rocket 
pressures where the rate-pressure relationship is 
"normal." This is a matter of no more than aca- 
demic interest to the users of gun propellants who 
do not have the problem of reconciling grain 
geometry to charge envelope requirements. In 
rocket design on the other hand, where, in gen- 
eral, single grains are used, it is necessary to be 
able to control burning temperatures and rates 
independently in order to meet simultaneously per- 
formance and envelope requirements. To this end 
rocket compositions quite commonly contain addi- 
tives known as burning rate catalysts which gen- 
erally increase or decrease the normal burning 
rate of the propellant. The choice of catalysts and 
their proportions in the composition are deter- 
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CHAPTER 3 

PHYSICAL PROPERTI ES REO.UIREMENTS 



12. General. Just as propellants have different 
ballistic requirements depending on the uses to 
which they are put, the physical properties re- 
quirements of propellants will be different depend- 
ing on use. 

13. Density. Since in a solid propellant heat 
engine the propellant is always contained within 
the engine, the propellant must have a density high 
enough that the charge can be so contained. Two 
factors enter into the determination that the charge 
will fit into the chamber: the density of the pro- 
pellant itself, and the volumetric efficiency of the 
charge geometry or the fraction of the propellant 
envelope occupied by propellant. 

The density of a propellant is calculated from 
the densities of its ingredients, assuming no volume 
change as a result of mixing. 



In the case of a propellant undergoing chemical 
reaction during the mixing operation, as is the case 
of many fuel binder cpmposites, the ingredients 
include the reaction products {e.g., polymers) and 
not the reagents actually charged (monomer). In 
the case of a propellant manufactured with in- 
clusion of a volatile solvent later substantially 
removed, that portion (residual solvent) of the 
solvent remaining in the finished propellant must 
be considered an ingredient. 

Density can be measured with a mercury dis- 
placement volumeter 1 or with a pycnometer' or, 
more roughly, from the weight and dimensions 
of the grain. Comparison of the measured density 
with the calculated value gives a measure of poros- 
ity, cracks, and fissures in the propellant. Micro- 
scopic individual pores, as around crystals in 
composite structures, have no apparent effect on 
the burning of the propellant, but cracks and fis- 
sures constitute undesirable burning surface that 
cause excess pressure and interfere with the sched- 
uled mass burning rate, and interconnected general 
porosity can lead to detonation. In monopropel- 
lants measured density is usually very close to 
calculated density. In composites a difference of 
more than 2 percent indicates trouble. 



14. Gravimetric density. Gravimetric density is 
measured on bulk gun propellants as the weight 
of propellant required to fiil a specified con- 
tainer when charged at a specific rate from a 
hopper at a specified height. 3 (The density of pro- 
pellant as loaded into cartridge cases can also be 
determined. 4 ) 

This datum is infiuenced not only by density 
and dimensions but by the smoothness of the sur- 
face and the presence or absence of tailings from 
the cutting operation. It is used as an indication 
that the required charge weight can be contained 
in the cartridge case. 

15. Hygroscopicity. Most propellants contain 
constituents that are hygroscopic and this property 
is passed along in some degree to the propellants. 
The mechanism of sorption and desorption of 
hygroscopic moisture probably involves a rapid 
attainment of the equilibrium, dependent on rela- 
tive humidity, at the surface of the grain, followed 
by slow diffusion within the grain. The effect of 
hygroscopic moisture is the same as if the formula 
contained the same fraction of water. 

Hygroscopicity of propellants for cannon is de- 
fined as the equilibrium moisture content at 90 
percent relative humidity and 30°C temperature. 
For small arms propellants hygroscopicity is de- 
fined as the difference between the equilibrium 
moisture contents at 90 percent relative humidity, 
30° C temperature and at 20 percent relative hu- 
midity, 30°C temperature. The procedure for small 
arms propellants 5 involves successive exposure of 
the same sample to controlled humidity atmos- 
pheres, whereas for cannon propellants' a single 
exposure and a chemical analysis for moisture are 
required. 

Hygroscopicity of propellant charges loaded in 
engines has been controlled by hermetic sealing 
of the engine or its shipping and storage container, 
or by loading a desiccant either into the engine or 
the shipping container. Hygroscopicity of indi- 
vidual grains has been minimized by formulating 
to a minimum content of hygroscopic material and 
in the case of coated grains by building a layer of 
material of low permeability into the surface of the 
grain. 
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16. Coefficient of thermal expansion. At the 

level of about 10~ 4 per degree C, the thermal ex- 
pansion coefficient is of little moment to multiple- 
grain charges. For single-grain charges loaded into 
chambers at small clearances, care must be taken 
to verify that the clearances between grain and 
wali do not disappear in the upper range of stor- 
age or firing temperatures because of the different 
expansion coefficients of propellant and chamber 
material. In this event the chamber wali would 
exert stress on the grain causing it to deform or 
even fracture. If the grain is enclosed in a rigid 
inhibitor, the coefficients of the grain and inhibitor 
should match as closely as possible for the same 
reason. If the grain is to be case-bonded to the 
chamber, it is not ordinarily feasible to match 
the expansion coefficients and the grain must be 
formulated to accept the stresses due to differen- 
tial expansion. 

17. Thermal conductivity. Propellants are in 
general very poor conductors of heat. This prop- 
erty is a useful one for ballistic design, as it can 
be safely assumed that the unburned portion of a 
grain will remain at its initial temperature through- 
out the combustion process. On the other hand, 
in a large grain the time required to bring the 
propellant to a uniform temperature following a 
change of environment may be several hours or 
even days depending on temperature differential, 
air circulation, and grain size. If the grain is fired 
while it contains a temperature gradient, the rate 
of gas production will reflect the temperature gra- 
dient. Thermal shock from too rapid change from 
very cold to very warm or vice versa may lead to 
cracking of the grain. The interior of grains stored 
in munitions in hot climates fails by a wide margin 
to attaih the maximum diurnal temperatures. 7 

18. Mechanical properties. The mechanical 
properties of propellants must be such as to enable 
them to withstand the mechanical loads imposed 
during shipping, handling, and firing. These re- 
quirements differ widely from one engine to an- 
other. Methods for measuring physical strength 
and deformation are reviewed by the JANAF 
Panel on Physical Properties of Solid Propellants 
and reported in the publications of that panel. 
Numerical values below are as measured by Stand- 
ard JANAF tests. 8 Results in such tests are strong 
functions of the rates of loading, propellants gen- 
erally appearing stronger with higher rates of load- 



ing. The rates of loading in actual rocket motors 
vary from low rates during storage due to tem- 
perature changes to very high rates during firing. 
JANAF mechanical properties test data are sig- 
nificant to the extent that they compare propellants 
under test conditions and imply that the same com- 
parison will be valid under operating conditions. 

18-1. Ultimate tensile strength. Tensile strength 
is important for rocket grains supported at the 
head end during acceleration. For other applica- 
tions it is of academic interest, or perhaps useful 
as a quality control measure to assure that succes- 
sive lots of a given propellant resemble each other. 
Tensile strength ranges from about 10,000 pounds 
per square inch for straight polymer monopropel- 
lants to below 50 pounds per square inch for some 
case-bonded propellants. 

18-2. Elongation in tension. Case-bonded 
grains must deform to accommodate changes in 
dimensions of their containing cases with changes 
in temperature. Although requirements vary from 
rocket motor to rocket motor, a minimum of 15 
percent elongation at rupture at the lowest storage 
or operating temperature is a typical requirement 
for a case-bonded propellant in a large rocket. 
Many such propellants have reported values of 
50 to 100 percent elongation at normal ambient 
temperature. 

18-3. Modulus in tension. A low value of modu- 
lus is required of case-bonded grains in order to 
avoid distortion of the case or rupture of the 
adhesive bond when the motor is cooled. A typical 
value for modulus of a case-bonded propellant is 
300 to 600 pounds per square inch per inch per 
inch, or dimensionally pounds per square inch. 

Ultimate tensile strength, elongation, and modu- 
lus are all determined in the same test. 8 A test 
installation is shown in Figure 20 and a test record 
indicating the derivation of data in Figure 21. 

18-4. Stress relaxarion. It is advantageous in a 
case-bonded propellant for the stresses produced 
by distortion to be relaxed as the grain becomes 
accommodated to its new environment so that 
residual stresses will not lead to cracking in areas 
of stress concentration. The property of relaxation 
under tension may be measured by measuring the 
tensile stress at hxed elongation as a function of 
time. 9 
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18-5. Creep. A lower limit on tensile modulus 
of case-bonded propellants is set by the require- 
ment that under its own weight the propellant not 
deform so as to decrease port areas or substan- 
tially change shape and dimensions. Whether such 
deformation is elastic due to too low modulus or 
inelastic due to cold flow it is known as creep. 
Creep has been responsible also for departures 
from design ballistics of cartridge-loaded rocket 
grains. The best criterion for assessing the tend- 
ency to creep still appears to be experience. 

18-6. Compressive strength. Cartridge-type 
rocket grains supported on traps or otherwise at 
the nozzle end are subjected to compressive stresses 
during firing. The magnitude of such stresses and, 
therefore, the compressive strength to withstand 
them can be computed for any instance from the 
designed acceleration of the rocket. Compressive 
strengths of propellants are usually of the same 
order of magnitude as ultimate tensile strength, 
and for design purposes the tensile strength of the 
propellant is frequently used with suitable safety 
factors. Compressive strength can be readily meas- 
ured on equipment shown in Figure 20. 

18-7. Deformation at rupture in compression. 

The most severe stresses on a gun propellant occur 
during ignition when the grains impact on the 
cartridge case or chamber wali and on the base 
of the projectile as a result of having been accel- 
erated by the igniter gases. If the grains shatter in 
such impact, the added burning surface leads to 
excess pressures in the gun. Redesign of the igniter 
is the usual remedy, but the propellant is required 
not to be brittle. The test specified for brittleness 
is deformation in compression at rupture. Unless 
otherwise specified the required minimum value is 
30 percent." 

18-8. Modulus in compression. For cartridge- 
loaded rocket grains the deformation due to com- 
pression during acceleration must not be great 
enough to cause significant departures from design 
geometry. This fixes a lower limit on the permis- 
sible value of compressive modulus. The value of 
this limit has not been precisely evaluated as high 
values of compressive modulus usually accompany 
the required compressive strength. 

18-9. Shear properties. Case-bonded grains are 
stressed in shear during acceleration. The weight 
of the propellant must be supported by the shear 



strength at the bond between the propellant and 
the case. Per unit of propellant length, neglect- 
ing the perforation, the weight of the propellant 
under acceleration and therefore the total shear 

force is -^d 2 pa where d is the grain diameter in 

inches, p the propellant density in pounds per 
cubic inch, and a is the acceleration in g's. The 
total shear force is applied over an area of -nd. 
The required minimum shear strength, in pounds 
per square inch, is 

ird-pa _ dpa 
Aird ~ "T" 

Procedures for measuring shear have been re- 
ported. 11 

18-10. Brittle temperature. For many plastics 
the second-order transition temperature 12 sig- 
nals the onset of brittleness. This appears to be 
the case with case-bonded propellants. It has not 
been established that the same significance of the 
second-order transition temperature holds for car- 
tridge-loaded propellants which perform well at 
temperatures considerably below that of a second- 
order transition. 

The second-order transition temperature may 
be measured 11 by noting a break in the curve of 
specific volume versus temperature or an abrupt 
decrease in mechanical properties such as impact 
strength at that temperature. 
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CHAPTER 4 



BLACK POWDER 



19. General. Black powder is our oldest pro- 
pellant. It is older than any of the heat engines 
(guns, rockets) in which propellants are used, and 
has been used as a pyrotechnic and as a bursting 
charge for centuries. It is an intimate mixture of 
saltpeter, charcoal, and sulfur. There are two types 
of black powder, one made with potassium nitrate 
and the other with sodium nitrate. 

The potassium nitrate type is the older, and for 
ordnance uses is still the more commonly used. 
In ordnance circles black powder is the potas- 
sium nitrate type unless otherwise designated. The 
name black powder is a translation of the German 
"Schwarzpulver," named after Berthold Schwarz 
who experimented with it in the fourteenth cen- 
tury. 1 In the English language the material was 
known as "gunpowder" until the use of smokeless 
powder in guns made it necessary to differentiate 
between the black and the smokeless varieties of 
gun propellant. Gunpowder included Musket Pow- 
der and Cannon Powder, later Rifle Powder and 
Sporting Gunpowder. When used for blasting, gun- 
powder was called Blasting Powder. The present 
United States terminology is "A" Blasting Powder. 2 

The sodium nitrate type of black powder was 
developed in the United States in the middle of the 
nineteenth century 3 and is known commercially as 
"B" Blasting Powder. When used for ordnance it 
is called sodium nitrate black powder. 

20. Appearance. The appearance of black pow- 
der is shown in Figure 22. The grains are irregu- 
larly shaped solids, resulting from the fracture 
of larger pieces on the rolls of the corning mill, of 
roughly uniform size as a result of screening. Black 
powder may alternatively be pelleted into grains 
of uniform size and shape. 

21. Composition. The nominal composition of 
black powder as available in the United States is 
shown in Table 3. The same compositions are 
used for both military and commercial grades. 
Selection of the charcoal has an important bearing 
on the quality and performance of black powder. 
The charcoal is not pure carbon, but contains 13 
to 20 percent volatile matter and 2 to 5 percent 
moisture. 



22. Granulation. The Standard granulations of 
potassium nitrate and sodium nitrate powders are 
shown in Tables 4 and 5, respectively. 

23. Thermochemisrry. Lacking knowledge of 
the nature of the volatile matter in the charcoal, 
and considering that manufacturing tolerances per- 
mit 1 percent variation in the fraction of each 



TABLE 3 



NOMINAL COMPOSITIONS OF 
BLACK POWDER AVAILABLE IN 
THE UNITED STATES 



KN0 3 type 



NaNO-, type 5 



KNOa, % 


74.0 




NaN0 3 , % 




72.0 ± 2 


Sulfur, % 


10.4 


12.0 * 2 


Charcoal, % 


15.6 


16.0 ± 2 


Ash, maximum, % 


0.80 


1.5 


Moisture, maximum, % 


0.50 


0.70 


Specific gravity 


1.72-1.77 


1.74-1.82 



ingredient, it is practically impossible to calculate 
the gas composition or volume of black powder. 
A rough approximation may be got by assum- 
ing that the volatile matter is largely carbon, that 
the potassium appears in the product as K 2 C0 3 , the 
nitrogen as N 2 , the carbon as CO + C0 2 , and 
that the sulfur and such hydrogen as is in the vola- 
tile matter do not make an important contribution 
to the gas volume. Under these assumptions the gas 
volume would be given by [C] + V5[N] — V4fK]. 
Since the [N] and [K] are present in equal num- 
bers, the gas volume of black powder is deter- 
mined roughly by the fraction of charcoal in the 
formula. In the United States grade of potassium 
nitrate type of black powder, one gram contains 
0.0130 gram atoms of carbon which when burned 
should give 0.0130 moles or 290 cc (STP) of gas. 
An experimental value of the gas volume from 
three samples of British black powder recently 
examined in the Imperial Chemical Industries 
laboratories has been reported at 280 cc (STP). 6 
The same author reports a heat of explosion, Q, 
of 720 cal/g and a calculated flame temperature, 
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fABLE 4. GRANULATIONS OF POTASSIUM NITRATE BLACK POWDERS 



Sieve size 



Retained 
(maximum percent) 



Sieve size 



Through 
(maximum percent) 



Military grade 



A-l 


4 


3.0 


8 


5.0 


A-2 


4 


3.0 


12 


5.0 


Cannon 


6 


3.0 


12 


5.0 


A-3 


12 


3.0 


16 


5.0 


A-3a 


12 


3.0 


20 


5.0 


Musket 


14 


3.0 


25 


5.0 


FFG 


16 


3.0 


30 


5.0 


A-4 


16 


3.0 


40 


5.0 


Shell 


16 


3.0 


«A 

50 


5.0 


FFFG 


20 


3.0 


50 


5.0 


A-5, Fuze 


40 


3.0 


100 


5.0 


FFFFG 


45 


3.0 


140 


5.0 


A-6 


100 


5.0 


140 


15.0 


A-7 


100 


3.0 


140 


50.0 


Meal 


100 


5.0 


200 


50.0 


Sphero-hexagonal: 128 


* 2 grains per pound, 0.6-inch grain diameter 






i^ommcrciai graue * 
Sporting 










Whaling 


32/64* 


3 


4 


12 


Life Saving Service 


6 


3 


12 


12 


Cannon 


6 


3 


t 


12 


Saluting 


10 


3 


4o 


12 


Fg 


12 


3 


16 


12 


FFg 


16 


3 


30 


12 


FFFg 


20 


3 


50 


12 


FFFFg 


40 


3 


100 


12 


"A" Blasting 










FA 


20/64* 


3 


5 


12 


2FA 


4 


3 


12 


12 


3FA 


10 


3 


16 


12 


4FA 


12 


3 


20 


12 


5 FA 


20 


3 


50 


12 


6FA 


30 


3 


50 


12 


7FA 


40 


3 


100 


12 


Meal D 


40 


3 






Meal F 


100 


3 






Meal XF 


140 


3 







* Diameter of circular perforations in plate. 
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TABLE 5. 



GRANULATIONS OF SODIUM NITRATE BLACK POWDERS 



Military Grade 5 
JANC 
JANB 
JAN A 

Commercial Grade 1 
"B" Blasting 

CCC 

CC 

C 

F 

FF 
FFF 
FFFF 
MealBB 
Meal BD 
* Diameter of circular perf orations in 



Retained 
Sieve size (maximum percent) 



9/16 inch 0 

4 3 

12 3 

40/64* 7.5 

36/64 7.5 

27/64 7.5 

20/64 7.5 

4 7.5 

6 7.5 

12 7.5 

16 7.5 

40 7.5 



Through 

Sieve size ( maximum percent ) 



3/8 inch 0 

16 5 

40 5 

32/64* 7.5 

24/64 7.5 

18/64 7.5 

5 7.5 

8 7.5 

16 7.5 

40 7.5 



T v , of 2800°C. Products identified in the com- 
bustion products include mainly K 2 C0 3 , K 2 S0 4 , 
K 2 S 2) C0 2) N a , some H 2 , H 2 S, CH 4 , NH 3 , H 2 0, 
KCNS, and some unreacted KN0 3) C, and S.' 
As the fraction of charcoal increases and the frac- 
tion of saltpeter decreases, the gas volume should 
increase and T v should decrease. The force, F, 
calculated from the Imperial Chemical Industries 
data, is 110,000 f t-lb/lb. 

The initial condensed phase reaction in the 
burning of black powder has been identified as 
the reaction of molten sulfur with occluded hydro- 
gen J or oxy hydrocarbons in the charcoal, 8 or with 
the potassium nitrate.' A sulfurless grade of black 
powder is manufactured in Great Britain. This has 
a considerably higher ignition temperature than 
normal black powder because molten saltpeter is 
required to initiate its combustion. u 

The concept of linear burning rate as presented 
in Paragraph 9 has little significance when applied 
to the irregular shapes of black powder. The term 
linear burning rate, when speaking of black pow- 
der, is applied to the rate of propagation along a 
column of the granular material, i.e., a fuse. 

24. Hygroscopicity. The hygroscopic nature of 
black powder has long been known and is recog- 



nized in the familiar slogan "Keep your powder 
dry." This hygroscopicity is primarily due to the 
saltpeter. It may be explained on the basis of 
moisture pickup at any time that the atmospheric 
humidity exceeds the partial pressure of water 
over a saturated solution of the saltpeter. 

Humidity cycling results in a slow deterioration 
due to crystal growth of the nitrates. Submergence 
of black powder under water causes the saltpeter 
to leach out. 

25. Shelf life. At elevated temperatures, physi- 
cal changes in the sulfur can occur. The hygro- 
scopic effects are also deleterious to shelf life. 
Apart from these influences, black powder is very 
stable thermally and under optimum conditions 
black powder can be stored for many years with- 
out serious deterioration. 

26. Manufacturing process. Both types of black 
powder are manufactured by the process shown 
schematically in the flowsheet, Figure 23. The 
charcoal and sulfur are ground together in the pul- 
verizer, which is essentially a ball mill using short 
steel cylinders for balls. The "composition dust" 
is discharged from the pulverizer through a "reel" 
or screen which rejects the coarse material. The 
saltpeter is added to the composition dust and 
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Figure 23. Black Powder Manufaciuring Process 



rework in the wheel mill, shown in Figure 24, 
along with a small quantity of water. The indi- 
vidual wheels of the wheel mill may weigh 10 tons 
and stand 7 feet high. The functions of the wheel 
mill include in addition to grinding and mixing 
the achievement of a state of "incorporation." 
Although incorporation is little understood, it is 
believed to be a state of very close contact among 
ingredients, perhaps without intervening films of 
air on particles, and accomplished by very con- 
siderable mechanical effort in the form of shearing 
pressure. a When the wheel mill cycle is complete, 
the wheel cake is shoveled out and transported 
to the press house where it is first broken down 
by passing through rolls, then pressed into cakes 
using a horizontal press shown in Figure 25. 

The press cakes are broken into pieces of about 
% -inch size on the cutting rolls shown in the back- 
ground of Figure 25. The size is reduced further 
on the corning rolls. The product from the corning 
mill is screened on a reel, the dust being sent back 
to the press. The product size and shape do not 
change essentially after the corning operation. The 
remaining operations are glazing and screening to 
separate the various grades produced. The glazing 
operation is carried out at elevated temperature 
in order, simultaneously, to evaporate water down 
to the specified level. If fuse powder is being made, 
two or more grades of different burning rate are 
produced by varying the ratio of sulfur to char- 
coal in the formula and these are blended to meet 
burning rate specifications. 

27. Uses. With a force, F, of 110,000 ft-Ib/lb, 
black powder was an effective gun propellant. The 
presence of solid reaction products led to large 



volumes of smoke and to a corrosive barrel residue 
requiring thorough cleaning of the gun daily or 
after each use. When propellants known as smoke- 
less powders with higher force and substantially 
without solid products became available, black 
powder became obsolete for gun use. The change 
was not made overnight because a gun designed 
for black powder was not ideal for use with smoke- 
less powder and vice versa. There are still a few 
antique sporting pieces in the hands of hobbyists 
who fire them, but the use of black powder as the 
propelling charge for guns no longer is significant. 

During World War II a need arose for a flash 
suppressant for use with certain guns, particularly 
the 155-mm gun. It was known that potassium 
salts are effective in suppression of flash. As black 
powder is roughly three-quarters potassium nitrate 
and a propellant in its own right, the use at night 
of an auxiliary charge of black powder was under- 
taken with considerable success. This use of black 
powder is not expected to outlive the present in- 
ventories of smokeless powder, however, since new 
propellants containing largely nitroguanidine have 
been developed which have at the same level of 
force lower burning temperature than those of the 
World War II smokeless powders. These nitro- 
guanidine propellants exhibit much less tendency 
to flash, and the incorporation of small fractions 
of potassium salts in them generally inhibits flash 
completely. 

Black powder was also the original rocket pro- 
pellant. In the decades before World War II, ex- 
cept for Goddard's experiments, rocketry in the 
United States was confined to fireworks and small 
signal rockets of modest range and velocity and 
small payloads. For such rockets, black powder 
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has been quite satisfactory. The smoke and sparks 
of the exhaust were desirable and there was no 
disadvantage connected with residue in the spent 
motor chamber. When military rockets were de- 
veloped during World War II, first abroad and 
later in the United States, it was recognized that 
the low calorific value of black powder took it out 
of competition with the more energetic propel- 
lants that were available. Manufacturing processes 
moreover were not available to form black powder 
into the grain geometries required for these higher 
performance rockets, and it is doubtful that the 
physical properties of black powder would be com- 
patible with the thermal and acceleration forces of 
such rockets. 

As a bursting charge, black powder has been 
supplanted largely by more potent high explosives 
except for some practice bombs and projectiles 
where the smoke puff helps locate the impact 
point. 

In primers for gun charges and igniters for 
rocket charges the easy ignitibility of black pow- 
der has made it a preferred ingredient. The high 
content of potassium nitrate has also been recog- 
nized as favorable for such use, because potassium 
salts are good emitters of radiation and radiation 
may be an important means of transfer of heat 
from the primer or the igniter to the surface of the 
main propellant charge. 

As the first civil as well as military explosive, 
and for a long time the only available explo- 
sive, black powder has been extensively used for 
blasting. For this use the sodium nitrate black 
powder has been preferred ever since its introduc- 
tion, in spite of somewhat greater hygroscopicity 
and slower burning rate, because of its lower price. 
Black powder does not detonate, even when ini- 
tiated with a blasting cap. The observed propaga- 
tion rates of 100 to 600 m/sec 211 when confined 
in steel pipes and initiated with a detonator are 
accounted for by shattering of the black powder 
by the initiator and burning at the attained pres- 
sure. Black blasting powder was first supplanted 
by commercial high explosives for blasting in rock 
because the detonation of the high explosives was 
very much more effective than the burning of black 
powder. For blasting in earth, black powder with- 
stood the competition of high explosives for a 
longer time because the shock of detonation of 
high explosives was rapidly dissipated in earth 



TABLE 6. | CONSUMPTION OF BLACK 
BLASTING POWDER (ALL TYPES) 
IN THE UNITED STATES 12 



Year 


Pounds 
(thousands) 


1915 


197,722 


1920 


254,880 


1925 


156,964 


1930 


99,873 


1935 


68,888 


1940 


59,754 


1945 


36,948 


1950 


20,655 


1955 


6,624 


1956 


5,598 


1957 


3,684 


1958 


2,492 



whereas the slower burning black powder main- 
tained pressure longer and gave more "heaving" of 
the burden. Coal miners like black powder be- 
cause it breaks the coal into higher priced lump 
coal and produces less fines than even the low 
rate permissible high explosives. Unfortunately the 
reaction time of black powder lasts longer than 
the initial fracture of the coal, resulting in occa- 
sional ignition of methane (fire damp) and dust in 
the atmosphere of gassy mines and even of the 
coal itself . Use of black powder for blasting in coal 
mines engaged in interstate commerce is now for- 
bidden by federal law. 

The largest current use of black powder is for 
safety fuse. This is a column of black powder en- 
closed in a fabric tube. The rate of burning is 
carefully standardized so that the shooter can pre- 
dict the length of time between lighting his fuse 
and the shot. Black powder has also been used 
as the timing element in some military fuzes. It 
has the disadvantage of producing a considerable 
volume of gas which either must be vented or it 
increases the pressure on the powder train and 
hence its burning rate. It has the further disadvan- 
tage that it is difficult to ignite at reduced pres- 
sures and impossible to ignite at pressures below 
100 mm. For use at high altitudes it is necessary 
to assure that any device relying on the burning of 
black powder be pressurized. 

The decline of the black powder industry in the 
United States is shown in Table 6. 

Recognizing the obsolescence of black powder, 
the military forces have sponsored research on 
substitutes for black powder in all applications. 
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CHAPTER 5 

CRYSTALLINE MONOPROPELLANTS 



28. General. The shape of black powder grains 
suggests crystalline material. A crystalline chemi- 
cal with better thermodynamic properties than 
black powder should have advantages over black 
powder not only in ballistics but also in uniformity 
of composition and ease of manufacture. Such 
chemicals exist. They have not been exploited as 
propellants because they became available at a 
later date than nitrocellulose and smokeless pow- 
der, and the background knowledge that would 
have led them to be appreciated is of still more 
recent origin. 

The list of possible monopropellants includes 
many chemicals used as military high explosives, 
as the thermochemistry of propellants is essentially 
the same as that for high explosives. The difference 
between combustion and detonation of a crystal- 
line monopropellant is merely a difference in re- 
action rate. 1 Except for primary explosives, which 
can detonate from burning and are therefore ex- 
cluded by definition from possible monopropel- 
lants, these chemicals will burn quietly when 
ignited. They will detonate only under the influ- 
ence of a mechanical shock of severity far greater 
than can be found in a gun or rocket chamber. 
The thermal stability as well as the sensitivity of 



these materials have been extensively investigated 
in connection with their use as high explosives. In 
general, they exhibit long shelf life and are very 
stable at temperatures up to nearly their melting 
points. 

In common with black powder grains, single 
crystals of monopropellants are not' subject to 
being shaped to accurately controlled dimensions 
and large sizes. Again like black powder, however, 
they can sometimes be pelleted under sufficiently 
high pressure to moderately well Consolidated 
large grains of controlled dimensions. 

The densities, melting points, and ballistic pa- 
rameters of several possible crystalline monopro- 
pellants are tabulated in Table 7. 

29. Nitroguanidine. Nitroguanidine may, as an 
approximation, be considered to react according 
to the equation 

CH 4 0 2 N 4 = CO + H 2 + H 2 0 + 2N 2 (39) 

The gas volume, of nitroguanidine is quite 

high, and the fraction of nitrogen in the gas is un- 
usually high for propellant gas. The burning tem- 
perature of nitroguanidine is some 150° K lower 
than that of a smokeless powder of the same force 
level (see Ml in SPIA/M2), indicating that nitro- 



TABLE 7. PHYSICAL AND BALLISTIC PARAMETERS 



OF CRYSTALLINE MONOPROPELLANTS 





Density 

(g/cc) 


Melting 
point (°C) 


Q, 
(cal/g) 


l/M 
(moles/lb) 


r„ 

CK) 


CK) 


Force 
(ft-lb/lb) 


/.p 

(lb-sec/ 


Nitroguanidine* 






721 


0.0481 


2268 




303,000 




Nitroguanidine f 


1.715 


246 






2405 


1819 


321,000 


199 


RDX, 
cyclotrimethylene- 
trinitramine* 


1.82 


202 


1360 


0.0405 


4020 


3250 


452,000 


255 


HMX, 
cyclotetramethylene- 
tetranitramine* 


1.92 


276 


1321 


0.0405 


3940 


3180 


430,000 


253 


PETN, 
pentaerythritol 
tetranitrate* 


1.77 


140 


1531 


0.0348 


4220 


3510 


40,900 


250 


Ammonium nitratef 


1.72 


170 


354 


0.0437 


1622 


1245 


197,000 


159 


Ammonium perchloratet 


1.95 


Decomposes 


335 


0.0362 


1849 


1408 


186,000 


153 



* Hirschf elder-Sherman calculation (see Paragraph 7-6). 
t Exact calculation (see Paragraph 7-5). 
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guanidine should cause less gun barrel erosion 
than a comparable service gun propellant. The 
higher content of nitrogen in the gas should result 
in less tendency to flash than a service gun propel- 
lant at the same flame temperature and an even 
more pronounced advantage at the same level of 
force. 

The usual crystal form of nitroguanidine is 
needles, resulting in quite low gravimetric density 
and small web. No successful work has been re- 
ported on growing crystals of size and shape that 
would permit using nitroguanidine as a gun pro- 
pellant. The linear burning rate has apparently 
not been measured. 

Although nitroguanidine has not found use as 
a monopropellant, the disadvantages of its crystal 
form have been overcome at the cost of some 
compromise of ballistic parameters by formulating 
nitroguanidine as filler with plastic monopropellant 
binders into composite propellants. Development 
of such composites has also permitted a continu- 
ous spectrum of force and flame temperatures in 
the triple-base system described in Chapter 7. 

Nitroguanidine is synthesized by the fusion of 
calcium cyanamide or dicyandiamide with ammo- 
nium nitrate under high pressure and temperature 
to yield guanidine nitrate, followed by dehydration 
with mixed sulfuric and nitric acids* 

CaNCN + NH 4 N0 3 + 2H a O 

= Ca(OH) 2 + NH : C(NH 2 )NH 2 • HN0 3 (40a) 

NH : C(NH 2 )NHCN + 2NH 4 N0 3 

= 2NH : C(NH 2 )NH 2 • HN0 3 (40b) 

NH : C(NH 2 )NH 2 - HNO a - H 2 0 

= NH : C(NH 2 )NHN0 2 (40c) 

Other syntheses are known. The thiocyanate 
process 2 depends on the series of reactions 

2NH 4 CNS 

= NH : C(NH 2 )NH 3 CNS +, H 2 S (4 la) 

NH : C(NH 2 )NH 3 CNS + NH 4 N0 3 
= NH : C(NH 2 )NH 2 » HN0 3 + NH 4 CNS (4 1 b) 

The Roberts process 3 proceeds through ethyl 
pseudourea and guanidine sulfate 

CO(NH 2 ) 2 + (C 2 H 5 ) 2 S0 4 

= NH : C(NH 2 )OC 2 H 5 + C 2 H 5 HS0 4 (42a) 

H 2 S0 4 + NH : C(NH 2 )OC 2 H 5 + NH 3 

= NH : C(NH 2 ) 2 • H 2 S0 4 + C 2 H 5 OH (42b) 

NH : C(NH 2 ) 2 • H 2 S0 4 + HN0 3 - H 2 0 

= NH : C(NH 2 )NHN0 2 + H 2 S0 4 (42c) 



30. RDX. RDX (cyclotrimethylenetrinitramine, 
cyclonite, hexogen) may be considered to react 
according to Equation 43 

(CH 2 N 2 0 2 ) 3 = 3CO + 3H 2 0 + 3N 2 (43) 

The force and specific impulse, from Table 7, are 
quite attractive, although the flame temperatures 
are higher than desirable for gun applications. 
RDX has been fired in sporting and small arms 
successfully 4 with ballistics comparing favorably 
with those of smokeless powder. As expected, the 
quickness was found to depend on the crystal size, 
finer crystals being quicker than coarser. The high 
burning temperatures may be tempered by formu- 
lating to a composite with a binder of lower burn- 
ing temperature. 

RDX is manufactured by the Woolwich proc- 
ess 5 by the nitration of hexamethylenetetramine 

(CH,) 6 N 4 + HNO s 

= (CH 2 N 2 0 2 ) 3 + gaseous products (44) 

or by the Bachmann process* by reacting ammo- 
nium nitrate and nitric acid with hexamethylene- 
tetramine under dehydrating conditions 

(CH 2 ) 6 N 4 + 4HN0 3 + 2NH 4 N0 3 -6H 2 0 

= 2(CH 2 N 2 0 2 ) 3 (45) 

31. HMX. HMX (cyclotetramethylenetetrani- 
tramine) is homologous with RDX and may be 
assumed to react 

(CH 2 N 2 0 2 ) 4 = 4CO + 4H z O + 4N 2 (46) 

The ballistic parameters are similar to those of 
RDX. It is somewhat more dense than RDX and 
has a somewhat higher melting point (Table 7). 

Like RDX, HMX can be compounded into 
composites such as PPL 949 (see SPIA/M2). 

HMX* appears as a by-product to the extent 
of about 10% in Bachmann-process RDX. No 
attempt is ordinarily made to separate it from the 
RDX, because for most uses it is the full equiva- 
lent of RDX. By changing the conditions of opera- 
tion of the Bachmann process, the fraction of 
HMX can be increased substantially to where iso- 
lation of the HMX is practical. 

32. PETN. PETN (pentaerythritol tetranitrate, 
penthrite) may be assumed to react 

C(CH 2 N0 3 ) 4 

= 2CO + 3CO z + 2N 2 + 4H 2 0 (47) 
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With higher burning temperature and lower gas 
volume, the force and specific impulse of PETN 
are comparable to those of RDX and HMX 
(Table 7). Since PETN has lower density and 
lower melting point than RDX and HMX, these 
latter materials should be preferred to PETN 
either as monopropellants or as filler for composite 
propellants. 

PETN is manufactured 7 by the nitration of 
pentaerythritol 

C(CH 2 OH) 4 + 4HN0 3 

= C(CH 2 N0 3 ) 4 + 4H 2 0 (48) 

33. Ammonium nitrate. Ammonium nitrate 
may be assumed to react 

NH 4 N0 3 = N 2 + 2H 2 0 + Vi0 2 (49) 

As a monopropellant, ammonium nitrate produces 
a working gas containing free oxygen. For this 
reason, although its force and specific impulse are 
somewhat modest, when compounded into com- 
posites with any incompletely oxidized binders 
ammonium nitrate behaves in part as an oxi- 
dant. Such composites are discussed further in 
Chapter 9. 

Ammonium nitrate is hygroscopic at relative 
humidities above 40 percent. Any propellant 
charges comprising ammonium nitrate must be 
protected from humidity. Ammonium nitrate also 
undergoes a series of phase changes at different 
temperatures including one at 32.2°C, ! all of 
which are accompanied by changes in density. 
This is destructive to the integrity of single crys- 
tals. When compounded into a composite with 
hydrophobic or nonhygroscopic binder, all of the 
ammonium nitrate crystals within the binder are 
protected from moisture pickup. The phase changes 
can also be contained, as the crystal size of the 
ammonium nitrate is preferably very small and 
the stresses produced by the volume change of the 
individual particles can be absorbed by the binder. 

When formed into large grains by compression 
molding, hygroscopic effects are likewise confined 
to the material near the surface. Phase changes in 
such propellants cause them to swell somewhat 
on aging, but do not appear to interfere with their 
normal burning processes. Such grains have been 
studied" but have not found service use. 

Ammonium nitrate is an article of commerce, 
being widely used as a fertilizer ingredient and as 
a constituent of commercial high explosives. 



34. Ammonium perchlorate. Ammonium per- 
chlorate may be assumed to react 

NH4CIO4 

= y 2 N 2 + HCl + s/ 2 H 2 0 + %0 2 (50) 

As a monopropellant, ammonium perchlorate, is 
even more oxidizing than ammonium nitrate. Like 
ammonium nitrate, ammonium perchlorate is hy- 
groscopic. The presence of hydrogen chloride in 
the products of combustion makes ammonium per- 
chlorate unattractive for use in engines used repeti- 
tively, such as guns. For these reasons ammonium 
perchlorate has not been used as a monopropellant 
charge. It is widely used as an oxidizing filler 
in composite propellants for rockets, as discussed 
further in Chapter 9, and in ORDP 20-176. 

Ammonium perchlorate is prepared by electro- 
lytic oxidation of sodium chloride, 

NaCl + 4H 2 0 = NaC10 4 + 4H 2 (5 la) 

followed by metathesis with an ammonium salt 

NaC10 4 + NH 4 + = NH 4 C10 4 + Na+ (51b) 
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CHAPTER 6 

PLASTIC MONOPROPELLANTS 



35. General. Plastic monopropellants, com- 
monly known as smokeless powders,* have been 
in use for about 75 years. The first such propellant 
was made by Vieille in France in 1884. 2 Vieille's 
product was essentially nitrocellulose, changed 
from its originally fibrous form to a dense plastic 
by colloiding with ether and alcohol, forming into 
grains, and subsequently removing most of the 
solvent. A few years later Alfred Nobel introduced 
a different variety of smokeless powder in which 
nitroglycerin is used as a colloiding plasticizer for 
the nitrocellulose. 3 Propellants containing nitro- 
glycerin are known as double-base because they 
contain two explosive ingredients in contrast to 
single-base propellants which contain nitrocellu- 
lose as the only explosive ingredient. Addition of 
fuel-type or "deterrent" plasticizers to the formu- 
lation gives the necessary flexibility for calorific 
value and nitrocellulose content to be varied inde- 
pendently, an important consideration when both 
ballistic qualities and physical properties may be 
specified. Ballistic qualities are largely determined 
by the calorific value, and physical properties by 
the polymer content. A smokeless powder, looked 
at in this light, is a single-phase or monopropellant 
comprising three ingredients: a polymer, usually 
nitrocellulose; an oxidant plasticizer, usually nitro- 
glycerin; and a fuel plasticizer, for example, 
di-n-butyl phthalate. The terms single-base and 
double-base have lost their significance, single- 
base being just a special case in which the oxidant 
plasticizer content happens to be zero. 

36. Formulation. The relationships within the 
family of nitrocellulose monopropellants are shown 
qualitatively in the triangular diagram of Figure 
26. For ballistic purposes the scale of Figure 26 
should be considered about linear in weight frac- 
tions. For physical properties it is about linear in 
volume fractions. In this figure the line PH rep- 
resents all possible compositions with the same 
calorific value as pure polymer, P. Lines parallel 
to PH are lines of constant calorific value. Com- 
positions to the left of PH are "cooler," have lower 
calorific value (lower flame temperature) than that 

* Although the term "smokeless powder" is still current 
abroad and in United States commercial circles, the De- 
partment of Defense has discontinued the usage. 1 



of pure polymer. To the right of PH, they are 
"hotter," have higher calorific value (higher force 
or specific impulse). The line BC represents com- 
positions of the minimum practical Young's modu- 
lus for propellant use. Below BC the propellant 
cannot be relied on to maintain its geometry, even 
when supported by being bonded to the chamber 
wali. The line A B defines the lowest calorific value 
that an end-item designer can profitably use. Ali 
useful nitrocellulose monopropellants are, there- 
fore, formulated within the polygon PABC. 

Since gun erosion limits the allowable flame 
temperature of a propellant, gun propellant for- 
mulas tend to fail to the left of the line PH, 
although for some applications they may be well 
to the right. High performance rocket propellants 
are found to the right.of the line PH. Case-bond- 
able propellants fail in the neighborhood of the 
line BC. Propellants to generate gas at moderate 
temperatures for aircraft starter engines and simi- 
lar applications are found in the neighborhood of 
the line AB. There exists considerable overlap 
between the formulation areas for different types 
of end use. In addition to the three basic ingre- 
dients a stabilizer is universally used to increase 
the storage life of the propellant, and additives 
may be incorporated to reduce flash, to improve 
ignitability, to reduce metal fouling in gun barrels, 
to reduce the pressure exponent, n, to provide 
opacity, and for various other reasons. 

36-1. Polymer. Nitrocellulose is the usual poly- 
mer in plastic monopropellants, but other polymers 
can be, and have been, used. 
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Figure 26. Nitrocellulose Monopropellant System 
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36-1.1. Nitrocellulose. Nitrocellulose is the 
product of partial nitration of cellulose, which is a 
natural polymer of empirical formula (C 6 H 10 O 5 ) M 
and structural formula 




Of the three -OH groups, those at the 2 and 3 
positions are secondary, while that in the 6 posi- 
tion is primary. AU of the -OH groups can be 
nitrated, and when cellulose is completely nitrated 
the resulting nitrocellulose has a nitrogen content 
of 14.15 percent. Nitrocellulose as used in com- 
merce, and as used in propellants is less than 
completely nitrated. Nitrocelluloses are character- 
ized by nitrogen content and viscosity as inde- 
pendent variables. Hygroscopicity and solubility in 
various solvents depend primarily on the nitrogen 
content. Signihcant commercial grades of nitro- 
cellulose are those used for lacquers at 12 percent 
nitrogen, for dynamite at 12 percent nitrogen, and 
for plastics at 11 percent nitrogen. The grades of 
significance to propellants in the United States are 
guncotton or high grade at 13.4 percent nitrogen, 
pyrocellulose at 12.6 percent nitrogen, and one as 
yet not ofncially named at 12.2 percent nitrogen. 4 
Foreign propellants frequendy contain nitrocellu- 
lose of lower substitution than 12 percent nitrogen. 
Guncotton is not used as the only nitrocellulose in 
American propellants, but is commonly blended 
with pyrocellulose to yield a "military blend" at 
about 13.15 percent nitrogen or a blend at 13.25 
percent nitrogen. AU fibrous nitrocelluloses look 
alike, and indeed look much like the original ceUu- 
lose. WhUe there could be merit in separately for- 
mulating two nitroceUuloses into a propellant, the 
eUmination of possible confusion between differ- 
ent grades of nitroceUulose and the opportunity 
of adjusting the ratio of the nitroceUuloses wbile 
in the fibrous state to an exact blended nitrogen 
content argue strongly for blending. 

36-1.1.1. Nitrogen content. As indicated in 
Table 2, the contribution of the nitroceUulose to 
the calorific value, flame temperature, and there- 



fore force, specific impulse, or characteristic 
velocity of the propellant is higher the higher the 
nitrogen content. 

36-1.1.2. Solubility. NitroceUulose at 12.2 per- 
cent or 12.6 percent nitrogen is completely soluble, 
i.e., miscible in all proportions, in a mixture of 2 
parts by volume ether and 1 part alcohol, used in 
the required solubility determination. 4 At 13.4 per- 
cent nitrogen only a small fraction of the nitro- 
cellulose enters the solvent phase. No attempt is 
made to measure the solvent content of the nitro- 
cellulose phase. Neither the high solvent fraction 
nor the proportion of ether and alcohol used in 
this determination is representative of the system 
involved in the manufacture of propellants, where 
the nitrocellulose imbibes all of the solvent and no 
separate solvent phase is present. Nevertheless, as 
shown in Figure 27, under the microscope indi- 
vidual fibers can be seen to have maintained their 
identity in unplasticized propellant made from 
military blend with ether-alcohol solvent. Intro- 
duction of plasticizer into the formula usuaUy 
obliterates this phenomenon completely. The rea- 
son for this is that imbibition of solvent plus plasti- 
cizer so softens the nitrocellulose fibers that the 
fibrous structure is destroyed by the mechanical 
forces acting during mixing and subsequent opera- 
tions. Solubility of nitroceUulose in nitroglycerin 
follows generally the solubility in ether-alcohol. 
Solvents when used to fabricate double-base pro- 
peUants usuaUy contain acetone, in which all of 
the nulitary grades of nitroceUulose are soluble. 
Determination of ether-alcohol solubUity has Utde 
real significance either to the manufacture or per- 
formance of a propellant. It does serve to indicate 
that a given lot of nitroceUulose resembles the 
particular nitroceUulose used when the propellant 
was originally standardized. 

36-1.1.3. Hygroscopicity. The moisture content 
of nitrocellulose in equilibrium with a saturated 
atmosphere at 25 °C has been expressed 5 by the 
equation 

405.8 - 28.7N 



H = 



31.11 — N 



(52) 



where N is the percent nitrogen in the nitroceUu- 
lose. From this equation have been calculated the 
values shown in Table 8 for the nitroceUuloses 
used in propeUants. 
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figure 27~\ Cross Seciion of Grain of IMR Smokeless Powder for Small Arms, 
Photographed in Ultraviolet Light, 712X Magnification 
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ORDP 20-175 



TABLE 8. HYGROSCOPICITY OF 



NITROCELLULOSE 



Nitrogen in 
Nitrocellulose 
(percent) 

13.40 
13.15 
12.60 
12.20 



Watcr 
(percent) 

1.19 
1.57 
2.38 
2.93 



The nature of this relationship may be explained 
on the basis that it is the unnitrated —OH groups 
of the nitrocellulose that sorb moisture. 

36-1.1.4. Viscosity. Viscosity in very dilute so- 
lution is a quantitative measufe of the average 
molecular weight of a polymer, as shown by the 
equation 6 

"■ c -° Ki-0"» <53 > 

where 77 is the measured viscosity of the solution, 
rj„ is the viscosity of the solvent, C is "the concen- 
tration of the nitrocellulose in the solution, and 
DP is the degree of polymerization. The value 200 
is empirical and varies slighdy with the degree of 
substitution and with the solvent used. The figure 
shown here is used for acetone solution. The left 
member of Equation 53 is known as the intrin- 

sic viscosity. The ratio — is called the relative 
viscosity. 

At higher concentration secondary effects, not 
completely identified, influence the viscosity. For 
example, two nitrocelluloses of different origin, 
showing the same intrinsic viscosity, may have 
widely -differing measured viscosities in more con- 
centrated solution. For propellant use viscosity is 
measured 4 by timing the fail of a % 6 -inch steel 
ball through a 10 percent solution of nitrocellulose 
in acetone. Typical values of nitrocellulose vis- 
cosity for propellants are 6 to 25 seconds, but 
nitrocelluloses of higher and lower viscosities are 
sometimes used. The conditions of the viscosity 
determination are not representative of any con- 
ditions present during propellant manufacture. 
The determination has as its principal significance 
the assurance that the nitrocellulose examined re- 
sembles that used in the standardized propellant. 

36-1.2. Other polymers. The polymer in the 
propellant rieed not be nitrocellulose. Other ener- 
getic polymers may be used such as poly(vinyl 



nitrate), poly(petrin acrylate), poly(trinitroethyl 
acrylate), and even fuel-type polymers such as 
cellulose acetate or poly(methyl methacrylate). In 
these cases the negadve or deficient contribution 
on the part of the polymer to the force of the 
propellant is overcome by the use of oxidant plasti- 
cizers such as nitroglycerin and other nitrate esters. 
Cool polymers if used must be physically com- 
patible with the hot plasticizers. This accounts for 
the fact that the cool polymers cited above are all 
esters. 

Cellulose acetates, like nitrocellulose, are de- 
rived from cellulose, are not completely esterified, 
and are characterized by degree of esterification 
(expressed as percent combined acetic acid) and 
by viscosity. Also like nitrocellulose, a cellulose 
acetate in a propellant has its highest degree of 
polymerization at the time of introduction into the 
mixer. 

Synthetic polymers may be polymerized in ad- 
vance of introduction, in which case charac- 
terization is possible. Alternatively, they can be 
polymerized in situ after mixing. 

36-2. Stabilizer. In common with other organic 
chemicals, nitrocellulose tends to deteriorate with 
age by a process known as thermal decomposition. 
In the case of nitrocellulose, thermal decomposi- 
tion starts with the splitting off of N0 2 from the 
nitrate groups.' This N0 2 reacts immediately with 
organic material in the propellant (including nitro- 
cellulose) and is evolved as NO. The secondary 
reaction of the N0 2 with the nitrocellulose accel- 
erates the thermal decomposition. Hence thermal 
decomposition should be minimized by adding to 
the formula a chemical that will react with the 
NO z to give a stable product and thus prevent 
secondary reaction of N0 2 with nitrocellulose. 
The other product resulting from the loss of the 
N0 2 is a bound free radical which also tends to 
react further to more stable products. An additive 
to remove the free radical character of the residue 
should also result in stabilizing the propellant. 
Nitroglycerin behaves in a manner similar to that 
of nitrocellulose and can be stabilized in the same 
way. The stabilizers in current use in the United 
States are diphenylamine, 2-nitrodiphenylamine, 
and ethyl centralite. These are all weak bases, 
but they function by being nitrated rather than 
by formation of salts. Other stabilizers that have 
been proposed include N-ethylaniline, carbazole, 
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/?-nerolin, and N-methyl-p-nitroaniline. Mineral 
jelly, an unsaturated aliphatic, functions as the 
stabilizer in some British propellants. 

36-2.1. Diphenylamine. Diphenylamine, 
(C 6 H 5 ) 2 NH, is prepared by subjecting aniline to 
high temperature in an autoclave. 



2C 6 H 5 NH 2 = (C 6 H 5 ) 2 NH + NH, 



(54) 



Its history in the aging of propellants has been 
traced.' The first reaction product is diphenyl- 
nitrosoamine, (C 6 H 5 ) 2 NNO, followed by ring 
nitration. Diphenylamine is sufficiently basic to 
attack nitroglycerin, so that its main use is in 
single-base propellants. 

36-2.2. 2-Nitrodipheny lamine. 2-Nitrodiphenyl- 
amine is less basic than diphenylamine and is inert 
toward nitroglycerin while still being a good sta- 
bilizer. It is preferred to diphenylamine as a stabi- 
lizer for double-base propellants. It is made by 
reacting l-chloro-2-nitrobenzene with aniline. 



O ci + nh, 0 - O nh o 



(55) 



36-2.3. Ethyl centralite. Ethyl centralite, cen- 
tralite-1, or centralite for short, is iym-diethyldi- 
phenylurea, CO[N(C 2 H 5 )(C 6 H 5 )] 2 . It is made by 
reacting phosgene with N-ethyl- or N,N-diethyI- 
aniline. Its reaction history is considerably more 
complicated than that of diphenylamine, ending 
up with nitrated anilines. 9 The methyl analog, 
centralite-2 or jym-dimethyldiphenylurea, is also 
known and is used somewhat abroad. The cen- 
tralites are considered to be somewhat less effec- 
tive as stabilizers than 2-nitrodiphenylamine, but 
they are also quite good plasticizers. When found 
in propellants they are frequently used at higher 
fractions than the diphenylamines to take advan- 
tage of their plasticizing properties. 

36-3. Oxidant-type plasticizers. The required 
properties of an oxidant-type plasticizer are that 
it contribute oxidizing as well as fuel elements to 
the composition, that it be physically compatible 
with the polymer, and that its vapor pressure over 
the composition be low enough that the composi- 
tion will not change substantially over the life of 
the propellant. 



Nitroglycerin was the original oxidant-type plas- 
ticizer and it is still the most used of this type 
plasticizer in the United States. It is usually pre- 
pared on the propellant plant site, by the nitration 
of glycerin with a mixture of nitric and sulfuric 
acids. 

Nitrate esters other than nitroglycerin have also 
been used. In many cases these plasticizers are 
cooler than the nitrocellulose; nevertheless, propel- 
lants in which they are contained are still known 
as double-base. Diethylene glycol dinitrate, DGN, 
N0 2 (OC 2 H 4 ) 2 ON0 2 , and triethylene glycol di- 
nitrate, TGN, N0 2 (OC 2 H 4 ) 3 ON0 2 , are the most 
important of these nitrates. The ether bonds in 
these esters are considered advantageous in im- 
proving low temperature physical properties of 
the propellant. DGN has been used more abroad 
than in the United States. Other nitrates for which 
feasibility is established are 
metriol trinitrate 

CH 3 C(CH 2 ON0 2 ) 3 

1.2.3- butanetriol trinitrate 
CH 2 ON0 2 CHON0 2 CHON0 2 CH 3 

1 .2.4- butanetriol trinitrate 

CH 2 ON0 2 CHON0 2 CH 2 CH 2 ON0 2 
petrin 

CH 2 OHC(CH 2 ON0 2 ) 3 
diethanolnitramine dinitrate (DINA) 
N0 2 N(C 2 H 4 ON0 2 ) 2 

36-4. Fuel-type plasticizers. As is the case with 
the oxidant-type plasticizers, fuel-type plasticizers 
must be physically compatible with the nitrocellu- 
lose and should have sufficiently low vapor pres- 
sure to remain in the propellant during its life. 
In contrast to the oxidant-type plasticizers, fuel- 
type plasticizers contribute no oxidant or only a 
little oxidant to the composition and thus tend to 
reduce the force and flame temperature of the 
propellant. It is difficult to draw a sharp line be- 
tween chemicals which are oxidant-type plasti- 
cizers and those which are fuel-type plasticizers; 
this distinction is not really very important and 
one is perhaps better off to consider both as plas- 
ticizers. Fuel-type plasticizers are frequendy the 
same plasticizers that are found in commercial 
plastics and protective coatings. They are used 
because they are available in quantity at reason- 
able prices. They may be esters such as diethyl, di- 
methyl, di-n-butyl, or di-(2-ethylhexyl)phthalate; 
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triacetin; the adipates and sebacates; nitro com- 
pounds such as dinitrotoluene; substituted ureas 
such as the centralites; or even mineral jelly as 
used in the British cordite. If the propellant is 
made by a process involving a volatile solvent, the 
residual solvent behaves as a fuel-type plasticizer 
and differs from the rest of the fuel-type plasti- 
cizers only in that it has a higher vapor pressure 
than is desirable. Gradual loss of residual solvent 
on aging of propellants will change the ballistic 
characteristics. Choice among the fuel-type plasti- 
cizers is usually made on the basis of availability 
and cost plus the contribution to the physical 
properties of the propellant. 

36-5. Additives. The combustion products of 
plastic monopropellants contain gases such as CO 
and H 2 which are combustible in air. If the tem- 
perature at time of discharge to the atmosphere is 
high enough, ignition of these exhaust products 
in air may take place. This phenomenon is known 
as flash, or more specifically secondary flash. Flash 
is undesirable in gunnery because it discloses the 
position of the piece and tends to interfere with 
the vision of the gunners, particularly during night 
firing. In rockets flash can likewise afford data on 
the position of the launcher. Flash is also respon- 
sible, at least in part, for the attenuation of radar 
signals to and from rocket missiles, interfering 
with guidance and telemetry. To avoid or diminish 
flash, additives are frequently included in propel- 
lant compositions to suppress this ignition. These 
additives may take the form of potassium salts 
which function as negative catalysts for the re- 
actions of CO and hydrogen with atmospheric 
oxygen. Of the potassium salts available in the 
United States, potassium sulfate is the most fre- 
quently used, though potassium nitrate has been 
used in some propellants. Potassium cryolite has 
been used abroad in propellants mixed in water 
slurry since it is insoluble in water. 

Potassium nitrate and barium nitrate have been 
used in some propellants to make the propellant 
more readily ignitible. Metallic tin and metallic 
lead are examples of additives in gun propellants 
to reduce metal fouling. They function by lower- 
ing the melting point of copper which is deposited 
in the barrel by the projectile during travel through 
the bore. 

Certain lead and copper salts have been found 
effective in lowering the pressw; coefficient of 



burning rate in double-base rocket propellants. 
Carbon black and other pigments have been used 
in some propellants to provide opacity and thus 
prevent malfunction due to ignition below the sur- 
face at the site of minor imperfections. Metal wire 
either in chopped form or strung continuously 
parallel to the axis of end-burning grains increases 
the effective burning rate of grains in which they 
are incorporated by increasing the burning surface. 
Other additives of claimed virtue are found in 
some propellants. 

Solid products in the propellant gas resulting 
from the incorporation of additives contribute to 
smoke, which is objectionable for reasons similar 
to those for flash. The amount of additive used 
for a given purpose, e.g., flash suppression, must 
be considered in the light of the contribution to 
smoke. As discussed in the next section, carbon 
may also appear in smoke. 

37. Ballistic characteristics. The calorific values, 
flame temperatures, and gas volumes of plastic 
monopropellants may be estimated from the data 
of Table 2 (page 7), from which can be derived 
the force, characteristic velocity, and specific im- 
pulse as outlined in Paragraph 8. Calorific values 
range downward from a maximum of about 1300 
calories per gram to quite low or even negative 
values. It is surprising perhaps that a propellant 
with a negative calorific value will burn to pro- 
duce a useful working fluid. That it does so is due 
to the fact that thermodynamic equilibrium is not 
attained at low flame temperature and endothermic 
species appear in the gaseous products. 

Flame temperatures, T v , at constant volume 
may be somewhat over 7000°R for sporting or 
pistol propellants and may be below 2000°R for 
gas generator propellants. 

The composition of the gaseous products may 
be determined as outlined in Paragraph 7. In gen- 
eral, only minor quantities of solid products will 
be found from the combustion of plastic mono- 
propellants. The solid products are derived from 
the additives except that some cool-burning gas 
generator propellants tend to be smoky. The smoke 
is carbon derived from the propellant composi- 
tion. Choice of fuel-type plasticizers has a con- 
siderable effect on smoke. It is claimed that long 
carbon chains and particularly benzene rings in 
the fuel-type plasticizers are more prone to smoke 
than are short aliphatic chains. 10 
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38. Physical properties. Plastic monopropellants 
are thermoplastic, translucent unless pigmented, 
and resemble generally the inert thennoplastics of 
commerce. Many of the physical properties are 
determined by the polymer content, probably best 
expressed in terms of concentration (weight frac- 
tion multiplied by specific gravity) of polymer in 
the propellant. Figure 28 presents data on the 



ultimate strength, deformation at rupture, and 
hygroscopicity typical of these propellants. 

38-1. Ultimate strength. Unplasticized nitro- 
cellulose has an ultimate tensile or compressive 
strength near 10,000 psi. As plasticizers of any de- 
scription are added the strength decreases rapidly 
to values in the order of 2000 psi at a nitrocellu- 



51 



lose concentration of 0.9 g/cc and continues to 
decrease to 500 psi at 0.7 g/cc. 

38-2. Defonnation at rupture. Unplasticized 
nitrocellulose is hard and somewhat britUe, rup- 
turing in either tension or compression at less than 
10 percent deformation. Plasticizers improve this 
property, to about 50 percent at a concentration 
of 0.9 g/cc and to 100 percent at 0.7 g/cc. 

38-3. Cold flow. In common with other thermo- 
plastics, plastic monopropellants have a tendency 
toward cold flow that becomes more pronounced 
as the polymer concentration is decreased. This 
tendency can be counteracted by cross-linking the 
polymer. Bifunctional OH-reactive chemicals such 
as diisocyanates and anhydrides have been used 
successfully. 11 

38-4. Hygroscopiciry. The hygroscopicity of 
unplasticized nitrocellulose propellant is roughly 
the same as that of the nitrocellulose from which 
it is made. Upon addition of plasticizers the hygro- 
scopicity of propellants drops off a little more 
rapidly than can be accounted for by simple dilu- 
tion of the nitrocellulose, indicating that as a rule 
plasticizers tend to interfere somewhat with the 
sorption of water by the unnitrated OH groups of 
the nitrocellulose. 

38-5. Density. The assumption seems to be gen- 
erally good that no volume changes occur during 
the mixing of nitrocellulose propellants. Theo- 
retical densities are computed according to the 
formula 

- = 2 ^ (38) 

P Pi 

where jc t is the weight fraction and p { the density 
of ingredient /. Measured densities of propellants 
are quite close to the computed values. 

38-6. Vapor pressure. Nitrocellulose itself is 
nonvolatile. Plasticizers in general do have meas- 
urable but low vapor pressures. Propellants in 
which these plasticizers are used should and 
actually do have vapor pressures which are the 
sum of the partial vapor pressures of the plasti- 
cizers and volatiles, including hygroscopic mois- 
ture and residual solvents. The vapor pressure 
of nitroglycerin over propellants has been exten- 
sively investigated, 111 ' without, however, substan- 
tial agreement as to its value. 



38-7. Coefficient of thermal expansion. Avail- 
able data indicate a thermal expansion coefficient 
for propellants comprising largely nitrocellulose 
of about 10 -4 in/in/°C. This is considerably 
greater than the expansion coefficient of chamber 
materials usually used. Cellulose acetate plastic 
has about the same expansion coefficient as nitro- 
cellulose propellant, and this explains the use of 
cellulose acetate as peripheral inhibitor for many 
large grains. If the propellant is to be case-bonded, 
the existence of a considerable differential in the 
expansion coefficients requires that the propellant 
be deformable, have low modulus and large defor- 
mation (e.g., BUU, SPIA/M2). 

38-8. Plasticity. Below a nitrocellulose concen- 
tration of about 0.9 g/cc, propellants can be 
formed under pressure at temperatures considered 
safe for manufacturing operations. If the polymer 
concentration is much higher than this limit, vola- 
tile solvent must be used in the manufacturing 
process. When volatile solvents are so used, they 
are customarily added in sufficient amount to per- 
mit mixing and granulating at ambient tempera- 
ture. This requires adding enough solvent to lower 
the polymer concentration to about 0.6 g/cc. 

39. Thermal properties. The thermal decom- 
position of nitrocellulose propellants has been 
introduced in Paragraph 36-2 under the subject of 
stabilizer. Thermal stability of plastic monopropel- 
lants is measured by the 134.5°C heat test 14 for 
single-base propellants, by the 120°C heat test 14 
for double-base propellants, and by the Taliani 
test 15 for the larger grains used in rockets and 
gas generators. In addition a surveillance test" at 
150°F (65.5°C) is used to indicate the useful life 
of propellants. These tests are all run at elevated 
temperatures in order to get an end point, and are 
subject to the objection that the temperature co- 
efficients of the decomposition reactions are not 
precisely known. In the 134.5°C heat test a life of 
45 minutes is required. The 65.5°C surveillance 
life ranges from about 1 year for a propellant con- 
taining 40 percent nitroglycerin to about 3 years 
for a plasticized single-base propellant. A sample 
of 40 percent nitroglycerin sporting propellant 
stored under water since 1899 is still stable and 
reproduces its original ballistics. 1T 

The development of supersonic aircraft carry- 
ing munitions and propellant-actuated devices has 
focused attention on the life of plastic monopro- 
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pellants at elevated temperatures. The test for this, 
known as the autoignition test, 11 is comparatively 
new, and not many data are available. Values of 
280°F for 1 hour and 250°F for 8 hours are 
typical of propellants containing 40 percent nitro- 
glycerin. 

40. Uses. Plastic monopropellants have been 
used in all types of engines, including guns, rocket 
motors, and gas generators. 

40-1. Gun propellants. With the exception of 
antiques, and some signalling guns as well as mov- 
ing picture and television weapons where the 
smoke puff is at least as important as any other 
effect, all guns use propellants based on nitrocellu- 
lose. Figure 29 shows the relationships among 
flame temperature, T v , force, F, and heat of ex- 
plosion, Q, of selected gun propellants from 
SP1A/M2 data sheets. From these data it is ap- 
parent that there is no systematic ballistic differ- 
ence between single- and double-base propellants 
at the same force level, and indeed the force and 



flame temperature can be predicted reasonably 
from the calorific value. The accuracy of such 
prediction approaches that of the Hirschfelder- 
Sherman calculation (Paragraph 7-6). If more pre- 
cision is needed, the exact calculation (Paragraph 
7-5) should be performed. Experimental calorim- 
etry becomes unreliable at values of Q somewhat 
below 800 cal/g, due to failure to attain chemical 
equilibrium at the low resulting temperature in 
the calorimetric bomb. 

There is a difference in physical properties be- 
tween single- and double-base propellants at the 
same force level, double-base being softer because 
of lower polymer content. In the United States 
nitrocellulose concentrations of gun propellants 
have been held to a minimum of about 1.3 g/cc 
except for thin-webbed ignition or trench mortar 
propellants. This has necessarily led to residual 
solvent, particularly in propellants of large web. 
That this high polymer content is not really re- 
quired for functioning in guns is witnessed by the 
fact that gun propellants with polymer concentra- 
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tion below 0.8 g/cc have long been used in guns 
abroad. British Cordite S.U. and S.C., is an ex- 
ample of such a propellant. Residual solvent can 
be dried out of large web propellants with polymer 
concentration as high as 1.1 g/cc, 1 ' and propel- 
lants with polymer concentration below 0.9 g/cc 
can be manufactured without volatile solvent. 

40-1.1. Propellants for cannon. Barrel life and 
secondary flash are factors in the selection of 
propellants for cannon. Probably the most widely 
used cannon propellant in the United States mili- 
tary services is M6. Hotter propellants are used 
when higher muzzle energy is required than is 
delivered by M6. Cooler propellants are used for 
guns in which M6 exhibits muzzle flash or un- 
acceptable barrel erosion. 

40-1.2. Propellants for small arms. For many 
years IMR propellant was the Standard propel- 
lant for small arms. Limited barrel life in high 



firing rate machine guns has now shown that the 
flame temperature, 2835°K, of IMR is too high. 
Cooler propellants such as M 18, T v = 2577 °K, 
are now preferred. A recent study'1 has shown 
that other propellants of the same T v as Ml 8 will 
yield comparable barrel life. 

40-1.3. Propellants for mortars. High force has 
been the design goal of mortar propellants. Barrel 
erosion appears to be unimportant and flash can 
be tolerated. Flash can be eliminated by using a 
cooler propellant, but at the cost of increased 
charge weight.' 1 

40-2. Rocket and gas generator propellants. 

Propellants for rockets and gas generators have 
usually considerably greater web than gun propel- 
lants have. For this reason the polymer concentra- 
tion must be kept low in order to permit removal 
of volatile solvent or manufacture without volatile 
solvent. In Figure 30 are shown the measured spe- 
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cific impulses of a number of double-base rocket 
propellants as a function of flame temperature, 
T p , taken from selected SPIA/M2 data sheets. 
The significance of the line shown is merely that 
the points above the line are all high because they 
were either measured at higher than Standard pres- 
sure or calculated, while those below the line were 
measured at lower than Standard pressure or with 
insufficient expansion and should be corrected 
upward. These data, representing for the most part 
propellants in service use, were reported before 
the adoption of the Standard practice of correcting 
measured specific impulses to the Standard condi- 
tions described in Paragraph 8-4. 

Burning rates of double-base rocket and gas 
generator propellants at 1000 psi, 70°F as a func- 
tion of calculated specific impulse are shown in 
Figure 31. 

40-2.1. Propellants for rockets. Design specifi- 
cations for rockets have usually required propel- 
lant burning rates between 0.25 and 0.5 inches per 
second in suitable geometries. For short range 
applications, short burning times and high accel- 
erations may be more important than high burn- 
out velocity, and propellants with higher burning 
rate than 0.5 are used. With heavy payloads, 
specific impulse is frequently sacrificed to take ad- 
vantage of lower flame temperature and the asso- 
ciated ability to use cheaper materials in the inert 
parts. Plastic monopropellants in service use in- 
clude: 

Ml is used in the shoulder-fired rockets com- 
monly known as bazookas. High burning rate is 
attained by using potassium perchlorate as a con- 
stituent in order to satisfy the requirement that 
burning be complete before the rocket leaves the 
launching tube. 

JPN was widely used during World War II, 
notably in the 5.0-inch HVAR. 

X-8 is a more recent high-rate propellant less 
sensitive than JPN to ballistics changes with chang- 
ing temperature and pressure. 

M16 is used in a booster for launching small 
target drone aircraft. 

N-5 is used in the 2.75-inch FFAR "Mighty 
Mouse." 



OIO is used in the Honest John rocket and in 
the booster (first stage) motors for the Nike Ajax 
and Hercules, Terrier, and Talos missiles. 

OGK is used in the Terrier sustainer motor. 

T 16 is used in a line charge projector. 

40-2.2. Propellants for gas generators. As con- 
trasted with rocket motors, gas generators usually 
require smaller mas? flow of propellant gas for 
longer times, therefore lower burning rates. The 
difference is qualitative, and for specialized appli- 
cations a rocket motor may be best fitted with a 
gas generator-type propellant and vice versa. Other 
requirements for gas generator use may be cool 
flame temperature or high performance, depend- 
ing on the application. Typical of double-base gas 
generator propellant compositions is X-13, used 
in the Sidewinder gas generator. 
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CHAPTER 7 

COMPOSITES COMPRISING CRYSTALLINE MONOPROPELLANTS 
IN PLASTIC MONOPROPELLANT BINDERS 



41. General. As was shown in Chapter 5, crys- 
talline monopropellants have limited feasibility as 
propellants, the limitations being due to the diffi- 
culty in getting crystals of the size and shape re- 
quired for many applications, and to the fact that 
pure chemicals do not yield a continuous spectrum 
of thermochemical properties. The force or char- 
acteristic velocity of a given crystalline monopro- 
pellant, while within the range of desirable values 
for propellants, is seldom optimum for a specific 
use. These deficiencies are overcome by accepting 
an available particle size distribution or grist of 
the crystalline monopropellant, and dispersing it in 
a plastic monopropellant. Such composites partake 
largely of the properties of the crystalline com- 
ponent. The function of the plastic is to act as 
a necessary diluent to permit attaining the de- 
sired geometry with acceptable physical proper- 
ties, and as a modifier to vary the thermochemical 
properties. 

The field of gun propellants is the only field in 
which two-monopropellant-phase composites have 
been widely adopted. Only those composites using 
nitroguanidine have been standardized by the 
United States military forces, although RDX com- 
posites 1 have been demonstrated feasible for gun 
and rocket propellants and ammonium nitrate 
composites 2 have been studied as rocket or gas 
generator propellants. 

Containing three explosive ingredients; e.g., 
nitrocellulose, nitroglycerin and nitroguanidine, 
these propellants are commonly known as "triple- 
base." 

42. Formularions. As with any composite, each 
phase must be separately formulated, as well as 
the total composition. The important consideration 
of the crystalline phase is grist, or particle size 
and size distribution. In general the finest pos- 
sible grist is preferred. In the case of nitroguani- 
dine propellants formulated with ethyl centralite, 
the centralite f orms a crystalline compound with the 
nitroguanidine, 3 which indicates that the centralite 
will not be in the binder phase. This might be less 
advantageous than to have the stabilizer in the 



binder phase, although such propellants have not 
proven unstable. 

The binder will have to withstand a different 
set of mechanical forces during drying and tem- 
perature cycling from those encountered in a plas- 
tic monopropellant, due to the presence of the 
crystalline material. The binders are usually well 
plasticized, containing roughly equal weights of 
nitrocellulose and oxidant plasticizer. If stabilizers 
other than ethyl centralite are used they will be 
found in the binder phase. Potassium salts, such as 
the sulfate or cryolite, may be added to inhibit 
flash. 

43. Ballistic characteristics. Due to the low 

molecular weight of the combustion products of 
nitroguanidine, nitroguanidine propellants at the 
same level of force will have lower flame tempera- 
tures T v than single-phase propellants. At the same 
level of flame temperature, nitroguanidine system 
propellants will have greater force than single- 
phase propellants. Advantage has been taken of 
this situation in the development of two separate 
series of propellants, for reduction of secondary 
muzzle flash and for increase of force. 

43-1. Nonflashing nitroguanidine propellants. 

Secondary muzzle flash is due to the combustion 
in air of the gases issuing from the muzzle of the 
gun after projectile exit. These gases always con- 
tain combustibles such as H 2 and CO. Among the 
factors controlling their ignition are temperature 
and composition at the muzzle, lower tempera- 
tures and lower contents of combustibles decreas- 
ing the tendency to produce muzzle flash. The 
presence of small amounts of potassium salts also 
tends to diminish flash by a negative catalytic 
effect on the reactions of H 2 and CO with atmos- 
pheric oxygen. 

Nonflashing nitroguanidine propellants were ex- 
perimented with in this country in the 1920's, but 
present Standard compositions are based on the 
British Cordite N, disclosed to us during World 
War II. The American M15A1 has about the 
same combustion temperature as the monopropel- 
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TABLE 9. NONFLASHING PROPELLANTS 

T34 



Density, p 
Force, F, ft-lb/lb 
Flame temperature, T„ "K 
Gas molecular weight, M 



M15A1 
1.66 
332,000 
2546 
21.3 



1.65 
335,000 
2608 
21.7 



Cordite N 
1.64 
319,000 
2441 
21.2 



M6 



1.60 
317,000 
2570 
22.6 



lant M6 and correspondingly greater force. The 
reduction in flash compared with M6 is therefore 
due largely to the reduction of the combustible 
fraction of the product gas. The corresponding 
German nitroguanidine propellant 4 is considerably 
cooler, employing diethylene glycol dinitrate in- 
stead of nitroglycerin as the plasticizer. Since 
M15A1 has greater force than M6, a somewhat 
cooler propellant could still be used effectively in 
guns chambered for M6 propellant. Three non- 
flashing nitroguanidine propellants are shown in 
comparison with M6 in Table 9. 

Two avenues are open for formulating cooler 
nitroguanidine propellants. One is to increase the 
fraction of nitroguanidine in the propellant at 
the cost of a decreased binder fraction. This may 
be limited by a corresponding adverse effect on 
physical properties. The other course is to de- 
crease the calorific value of the binder phase by 
substituting a cooler plasticizer for that presently 
used. Such a cooler plasticizer may be diethylene 
glycol dinitrate as in the German formulation or 
a cooler mixture of nitroglycerin and fuel-type 
plasticizer. 

43-2. High force nitroguanidine propellants. 

For certain field uses it is desired to give a pro- 
jectile the highest possible muzzle velocity. To a 
first approximation the muzzle velocity should be 
proportional to the force of the propellant. The 
limitation on attainment of muzzle velocity by 
increasing propellant force is that gun erosion is a 



function of combustion temperature and increases 
rapidly above some temperature level. An eco- 
nomic balance between muzzle velocity and gun 
wear for weapons of 3-inch or larger bore indi- 
cates that the cost in barrel life is too high to pay 
for added muzzle velocity if the gun chamber gas 
temperature is higher than about 3000°K. For 
rapid-fire weapons the economic chamber gas tem- 
perature is considerably lower than 3000°K. 

As shown in Table 10, propellants containing 
nitroguanidine are considerably better than pro- 
pellants without nitroguanidine in the attainment 
of force within a permitted maximum gas tempera- 
ture. The propellants M17 and T36 contain nitro- 
guanidine; M10 and M2 do not contain it. 

High force nitroguanidine propellants were ap- 
parently originally developed in the United States. 5 
Further development of this type propellant de- 
pends on the ability to increase the fraction of 
nitroguanidine in the propellant, presently limited 
by physical properties. 

44. Physical properties. The physical proper- 
ties of these composites differ considerably from 
those of the plastic monopropellants. They are 
opaque, chalky white in color unless glazed, and 
exhibit generally lower physical strength. As may 
be seen by comparison with the fuel binder com- 
posites, Chapter 9, the decrease in physical prop- 
erties is not necessarily due to the volume percent 
of filler. It is more probably due to the shape of 
the nitroguanidine crystals, which are needles. 



TABLE 10.1 HIGH FORCE PROPELLANTS 

T36 



M17 



Density, p 
Force, F, ft-lb/lb 
Flame temperature, T v , °K 
Gas molecular weight, M 



1.67 
364,000 
3017 
23.1 



1.66 
364,500 
3040 
23.2 



M10 



1.67 
339,000 
3000 
24.6 



M2 



1.65 
360,000 
3319 
25.6 
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Figure 32. Cross Section of Triple-Base Gun Propellant Grain, Crossed Nico/s, 32 X Magnification 
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With an optimum crystal shape, a volume frac- 
tion of 70 percent or a weight fraction of a little 
more than 70 percent should be feasible without 
serious degradation of physical properties or manu- 
facturability. As the nitroguanidine-filled propel- 
lants are customarily manufactured by solvent 
extrusion, nonparallel orientation of needles may 
be expected to cause bridging and to interfere with 
normal shrinkage during drying. The resulting 
residual stresses in the binder phase may explain 
the physical property deficiencies of these propel- 
lants. Nitroguanidine has been prepared 6 with a 
more favorable crystal habit which improved the 
manufacturability of existing formulations. It is 
interesting to note that in the early American 
studies, experimental propellants containing up to 
80 percent nitroguanidine were fired in artillery 
pieces at Aberdeen Proving Ground. 7 

45. Thermal properties. The crystalline mono- 
propellants are generally more stable than plastic 
monopropellants, becoming unstable only neaf 
their melting points. The aging of composites con- 
taining them is therefore due mainly to the binder, 
which is a plastic monopropellant. Stability tests 
dependent on measuring the evolution of oxides 
of nitrogen from a fixed weight of propellant in- 
dicate better stability for these composites than 
for ordinary nitrocellulose monopropellants. This 
indicated increased stability may not be real. Auto- 
ignition temperatures for various lengths of expo- 
sure may be expected to be higher than for the 
binders alone, due to this same binder dilution, 
provided that the melting points of the crystalline 
monopropellants are not too closely approached 
in the test. 

46. Manufacturing process. The manufacturing 
process used for the nitroguanidine propellants in 
the United States has been uniformly solvent ex- 
trusion. The nitrocellulose concentration in the 
binder phase is low enough to suggest that a sol- 
ventless procedure could be used. The amount of 
solvent used is quite low and the propellant during 
extrusion is very soft so that it is sometimes neces- 
sary to dry the 'extruded strand partially before 



cutting, in order not to deform the cross section at 
the cut. Removal of solvent from the composites 
is much more rapid, due possibly to diffusion of 
solvent within the grain along the crystal-plastic 
interfaces. This does not mean that drying times 
should be reduced. In order to make a good 
quality grain it is necessary to use lower drying 
temperatures and times comparable to those for 
conventional smokeless powders in order to avoid 
steep solvent gradients and resulting distortion and 
cracking. 

A photomicrograph of a cross section of a nitro- 
guanidine propellant grain 8 is shown in Figure 32. 
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CHAPTER 8 

MANUFACTURING PROCESSES FOR SMOKELESS POWDER 



47. General. No one manufacturing process 
will produce the whole spectrum of plastic mono- 
propellants. As is the case with corranercial inert 
thermoplastics, a wide variety of manufacturing 
processes has been developed to make different 
propellant grains. Nearly every fabrication proc- 
ess used by the commercial plastics industry has 
been used for propellants; in fact some processes 
used for propellants have not yet been used by the 
plastics industry. For any given process the dif- 
ference between use for propellants and use for 
inert plastics is that the consequences of a fire 
during processing propellants are severe and ex- 
traordinary precautions must be taken to prevent 
fires and to control them if they do occur. Aside 
from details in the design of equipment, the most 
striking feature of propellant manufacturing proc- 
esses has been the requirement to handle the ma- 
terial in process in batches of finite size, separated 
from other operations by distances such that the 
loss of a charge and its containing equipment will 
not entail propagation to neighboring operations. 
This requirement has, until recently, discouraged 
the development of continuous processes, and is 
still a problem to people currently working on 
continuous processes. 

Important processes used for nitrocellulose sys- 
tem propellants are solvent extrusion, solvent 
emulsion, rolling of sheets, solventless extrusion, 
the cast double-base process, and slurry casting. 
Since nitrocellulose is commonly manufactured 
also at the propellant facility, its manufacture too 
is described here. 



SHREDOER —i 



48. Nitrocellulose. The process installed in the 
ordnance works, and also widely used commer- 
cially, is the Du Pont mechanical dipping process. 1 
Continuous processes have been installed by one 
or more commercial producers but the details have 
not been published. It is believed that these proc- 
esses are engineering adaptations of the mechani- 
cal dipping process. The flowsheet of the Du Pont 
process is shown in Figure 33. 

Cellulose in the form of cotton linters is dried on 
a moving belt in a tunnel drier to a moisture con- 
tent well below 1 percent. Alternatively, sheeted 
wood cellulose 2 may be dried in the drier and then 
shredded. The dried cellulose and mixed nitrating 
acid are introduced concurrently into the nitrator 
(Figure 34) where the cellulose is converted to 
nitrocellulose. At the end of the nitration cycle, 
about 25 to 30 minutes, the nitrator is discharged 
by gravity to the centrifugal wringer (Figure 35) 
where the spent acid is removed. Part of the spent 
acid is sent back to the process for reuse after 
butting up with fresh acid. The remainder is re- 
worked to remove from the system the water 
picked up from the nitration. The wrung nitro- 
cellulose, wet with spent acid, is quickly drowned 
and transferred to the boiling tubs (Figure 36). 
There, for a period of several hours 3 depending 
on the degree of nitration of the nitrocellulose, it is 
boiled in the weak acid resulting from the dilution 
of the spent acid not removed in the wringing 
operation. This boiling treatment serves to hydro- 
lyze any sulfate ester formed during the nitration. 
The nitrocellulose is next pulped, e.g., in one or 
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Figur e 36. 



U. S. Army Photograph Radford Arsenal 

Nitrocellulose Boiling Tubs 



more Jordan engines similar to those used in the 
papermaking industry, and finally "poached" or 
boiled in a slightly alkaline solution to neutralize 
and remove any residual acid. Thorough washing 
completes the purification cycle. In order to accu- 
mulate lots of sufficient size, or to produce a mixed 
nitration grade such as military blend, poacher 
batches are blended in Mending tubs. The finished 
nitrocellulose is centrifugally wrung to a water 
content of about 25 to 30 percent for transfer to 
propellant operations. 

48-1. Nitrogen content. The degree of nitration 
is controlled by the equilibrium between the nitro- 
cellulose and the spent acid. 4 As the acid pene- 
trates the cellulose particle the surface is first 
nitrated to equilibrium with the fresh acid. The 



acid, becoming diluted by the residual moisture in 
the cellulose and also by the by-product water 
of the nitration reaction penetrates on through the 
particle, leaving behind nitrocellulose of slightly 
decreasing degree of substitution. The first nitra- 
tion reaction is quite rapid, but subsequent equi- 
libration in acid of different composition is much 
slower and is not complete by the end of the 
nitration operation. For this reason, careful frac- 
tionation of nitrocellulose reveals a spectrum of 
nitrogen contents in the nitrocellulose. 

Cotton linters fibers which have thin cell walls 
and enough twist to keep them essentially apart in 
the nitrator produce a nitrocellulose of a narrower 
substitution spectrum than wood cellulose shreds 
where regions of compaction are found. The cellu- 
lose-acid ratio for wood cellulose is higher than 
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that for cotton, resulting in a greater change of 
acid strength during the nitration operation. This 
adds to the width of the nitration spectrum for the 
wood nitrocellulose. Finally, while cotton cellulose 
is almost pure polymerized dextran, wood cellu- 
lose usually contains an admixture of other sugars 
such as xylan and mannan. These become nitrated 
and their nitrates burn like nitrated dextran but 
they have secondary effects on the physical 
strength of the polymer and its solution properties. 
For most purposes wood nitrocellulose is a com- 
plete substitute for cotton nitrocellulose. 

Transpiration of moist air in the wringer can 
cause a lowering of the nitrogen level by denitra- 
tion. A slight hydrolysis oecurs also in the boiling 
operation. Both of these effects are minor in a 
well-conducted operation. 

48-2. Solubility. At 12.6 percent nitrogen or 
12.2 percent nitrogen nitrocellulose is miscible in 
all proportions with ether-alcohol. Since the nitro- 
gen content measured is the average aeross a spec- 
trum, a poorly nitrated cellulose with average 
nitrogen content in the soluble range may contain 
fraetions either more or less highly substituted 
than are completely miscible. In such cases this 
would be detected by a residue in the solubility 
determination. 3 Guncotton contains a small frac- 
tion that is soluble, either by reason of low sub- 
stitution or low degree of polymerization. 

48-3. Viscosity. The viscosity of nitrocellulose 
is determined by the viscosity (degree of polymeri- 
zation) of the original cellulose and by the redue- 
tion of the degree of polymerization incident to 
the nitrocellulose inanufaeturing operations. Most 
of this reduetion oecurs during the nitration step, 
where it is dependent on the nitration tempera- 
ture. Higher nitrating temperatures result in lower 
viscosity nitrocelluloses. 

48-4. Significance of nitrocellulose properties. 

Of the three properties diseussed above only the 
degree of nitration has ballistic significance, affect- 
ing the molecular weight and temperature of the 
combustion produets. In order to manufaeture a 
propellant of a specified foree, F, (or specific im- 
pulse) one must either have the proper nitration 
of the nitrocellulose or compensate for the differ- 
ence between the preseribed nitrocellulose and the 
nitrocellulose at hand by adjusting the proportion 
of oxidant plasticizer and fuel plasticizer. In a 



volume produetion operation it is preferable to 
maintain the nitration degree of the nitrocellulose 
constant, by control of the nitration operation and 
by blending, rather than to adjust the formula. 
The viscosity and solubility have secondary effects 
in the manufaeturing operations in that they affect 
the amount of solvent (and plasticizer) required 
to work the propellant. This is particularly truc 
during the solvent extrusion operation where the 
applied pressure is constant and requires approxi- 
mately constant plasticity of the green (solvent- 
wet) propellant. The finished dimensions of the 
propellant are determined by the solvent content 
and the die dimensions, so that if the plasticity is 
controlled by varying solvent content the dimen- 
sional control is forfeited. Similarly for solventless 
extrusions the finished dimensions are controlled 
by extrusion temperature and die size, and if tem- 
peratures are changed to control plasticity during 
extrusion, control of dimensions is less good. For 
these reasons nitrocellulose specifications call for 
control of solubility and viscosity as well as con- 
trol of degree of nitration. 

49. Solvent extmsion. In Figure 26 (page 45), 
the line 55 divides the polygon P ABC into two 
regions. Below 55 the physical properties of the 
system are such that the composition can be 
worked and formed at tenable temperatures. 
Above the line SS they cannot be so worked. A 
composition X in the upper region can be made 
only by a process using a volatile solvent which 
is subsequently removed. A propellant made by 
a volatile solvent process always contains some 
residual solvent, and residual solvent is one form 
of fuel plasticizer. One should first establish a 
composition X' such that the addition of the re- 
sidual solvent to X' will produce X. To the com- 
position X' is addcd enough volatile solvent to 
enable the propellant to be processed. This results 
in the composition X" in the mixer which is well 
below the line SS. Composition X" is frequently 
so far to the left of line PH that the mix will not 
burn without air, and the hazard situation is 
thereby somewhat diminished. Solvent evaporates 
during processing and the composition of the ma- 
terial in process creeps back toward X. It must 
not cross the line 55 until after the last forming 
operation has been completed. Final drying leaves 
the material at composition X. Note that X', X, 
X", and F are collinear. 



66 



N C m 






DEHY 




ALCOHOL m 


PRESS 





BREAK 

BLOCKS 



N G 

ACETONE- 



II 
1 1 

lj 

i_J 



PREMIX 
(SCHRAEOER) 



PLASTICIZER - 
ADOITIVE 



MIX 

(SIGMA BLAOE) 



EXTRUDE 




CUT 




AIR DRY 




r» 






1 
1 
1 


t 
i 
» 

L 






1 

* 






MACARONI 




RECOVER 




WATER ORY 




SOLVENT 





AIR ORY 




SCREEN 




BLEND 




PACK 


"1 r* 







COAT 


1 

Y . 


GLAZE 





■ DISK 
CORO 

SINGLE-PERFORATEO 
CYUNDER 

MULTIPLE-PERPORATED 
CYLINOER 

TO 1-INCH 00 



Figur e 37. Solvent Extrusion Process 



For nitrocelluloses used for propellants in the 
United States the position of the line SS corre- 
sponds roughly to a nitrocellulose concentration 
(weight fraction multiplied by propellant density) 
in the finished propellant of about 1.0 g/cc. A 
volatile solvent process must be used for all pro- 
pellants with a greater nitrocellulose concentration 
than this. The solvent extrusion process is some- 
times used for propellants with lower nitrocellu- 
lose concentration in order to reduce the calorific 
value of the mix. Because the residual solvent con- 
tent increases with polymer content and with the 
web, the solvent extrusion process can be used 
only on grains with fairly thin webs. It is widely 
used for propellants for guns, including small arms 
and sporting pieces. 

The flowsheet of the solvent extrusion process 
is shown in Figure 37. 

The essential operations of the solvent extru- 
sion process are mixing, forming, removal of sol- 
vent, and finishing. To these operations have been 
added a number of auxiliary operations designed 
to save operation time and improve the quality of 
the product. As indicated by the dotted lines, these 
auxiliary operations are not invariably used. 

49-1. Mixing. The heart of the mixing opera- 
tion is the sigma blade mixer, shown in discharge 
position in Figure 38. To this mixer are added all 



of the ingredients and solvents used in the par- 
ticular propellant, and it is the function of the 
mixer to mix them thoroughly into a single homo- 
geneous plastic phase. The sigma blade mixer is 
capable of a good mixing job but it has certain 
disadvantages. The shafts of the sigma blades pass 
through the end walls of the mixer below the upper 
surface of the material being mixed. The treat- 
ment of the glands through which the shafts pass 
is different for different types of propellant being 
processed. For double-base propellant it is cus- 
tomary to remove the packing, leaving a clearance 
between the shaft and the wali aperture. A small 
amount of the mix leaks out through this clear- 
ance and must be collected and destroyed. It is 
recognized that a mixer without submerged glands 
would be preferable. 

49-1.1. Prembcing operations. The ingredients 
may be added singly or in combinations. If a 
combined add is made, a premixing operation is 
required. Thus nitrocellulose is premixed with 
alcohol by displacing the water, present in the 
nitrocellulose as received, in a hydraulic press 
equipped to pass alcohol through the block under 
pressure. The dehy press has two rams. The basket 
is first filled with loose, water-wet nitrocellulose. 
The press is then closed and the nitrocellulose 
compressed to a "block" to express a portion of 
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Figure 38. Sigma B/ode Mixer 



the water. Alcohol is then pumped through the 
block, displacing the remainder of the water. The 
dehydrated block is broken, sometimes in a "block 
breaker" or picking roli, sometimes by hand diir- 
ing the "charging of the sigma blade mixer, some- 
times by the sigma blade itself during the mbting 
operation. 

Addition of nitroglycerin or other oxidant plas- 
ticizer to the dehydrated nitrocellulose is usually, 
but not always, accomplished in the Schraeder 
bowl shown in Figure 39. The purpose of this is 
to avoid the presence of a free nitroglycerin phase 
in the sigma blade mixer at any time. Nitrocellu- 
lose and nitroglycerin are sometimes mixed in 
water slurry, followed by drying and re-wetting 
with solvent before mbcing in the sigma blade 
mixer. 

Fuel-type plasticizers and solvent-soluble addi- 



tives may be dissolved in the solvent before adding 
to the sigma blade mixer. 

The solvents used in the United States for 
solvent-extrusion process propellants are usually 
3 ether : 1 alcohol by weight for single-base pro- 
pellants and about 1 acetone : 1 alcohol for double- 
base. Other solvent systems, including esters, are 
feasible. 

49-1.2. Post-sigma blade mbrfng operations. 

Post-sigma blade mixing operations are also some- 
times employed to shorten the sigma blade mixer 
cycle and to improve the quality of the mix. The 
macerator, shown in Figure 40, works the mix on 
toothed rolls, subjects it to a vigorous tearing 
action, and reduces the bulk density of the finished 
sigma blade charge, particularly if the fiber struc- 
ture has not been completely destroyed at that 
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CHAPTER 9 

FUEL BINDER COMPOSITES 



55. General. The first fuel binder composites 
in the United States were developed during World 
War II in response to a need for grains for use in 
aircraft jatos. Smokeless powders had been widely 
used for gun propellants and had been made 
abroad by solventless extrusion into grains for 
artillery rockets, and solventless extrusion was 
being developed in this country. It was not imme- 
diately apparent that smokeless powder could be 
fabricated into grain cross sections of the size 
required for such jato use, such cross sections 
being beyond the capacity of existing or contem- 
plated presses. The black powder art had demon- 
strated that a solid propellant need not be a 
monopropellant. 

Existing black powder manufacturing tech- 
niques would not produce large grains. The exist- 
ing black powder formula was less energetic than 
desired. Substitution of a hydrocarbon for the 
sulfur and charcoal of black powder put all of 
the fuel into the binder phase, increasing the vol- 
ume fraction of binder to a point where a casting 
operation became feasible. At the same time oxi- 
dation of the hydrocarbon led to products (includ- 
ing H 2 and H 2 0) of lower average molecular 
weight than those derived from black powder. Sub- 
stitution of potassium perchlorate for potassium 
nitrate increased oxygen content per unit volume 
of filler and decreased the weight of solid residue 
per unit weight of propellant. The asphalt-potas- 
sium perchlorate interim propellant successfully 
established the position of fuel binder composites 
in the propellant field and encouraged further 
development. 

The first major improvement was the substitu- 
tion of a polymer system for the asphalt. The filler 
was mixed with binder in monomeric or partially 
polymerized form and cast in that condition. Poly- 
merization was completed in the curing operation 
in the mold, resulting in a grain that would not 
cold flow under moderately warm ambient condi- 
tions as would the asphalt. 

The second major improvement was the sub- 
stitution of ammonium perchlorate for the potas- 
sium salt, eliminating inorganic residues and dense 
smoke. The gaseous combustion products, how- 
ever, now contained HC1 which is somewhat cor- 



rosive under conditions of high humidity. This 
condition has proven entirely acceptable for condi- 
tions in rocketry where the engines are expended 
in a single firing. It is less acceptable for some gas 
generator uses where the combustion gases remain 
in contact with metal parts that will be reused. 

When considerations other than maximum per- 
formance, such as freedom from corrosive exhaust 
or cheapness and availability of raw materials, take 
precedence ammonium nitrate may be used in 
place of the ammonium perchlorate. 

The third major development was the substitu- 
tion of an elastomeric binder for the hard polymer 
binder. This permitted case bonding of the pro- 
pellant and elimination of the inhibitor from in- 
ternal burning grains. Replacement of the inhibitor 
by additional propellant increases the mass frac- 
tion, or ratio of propellant weight to loaded motor 
weight, and thereby the performance of a rocket. 
Continuing need for thermal insulation negates 
this advantage of case bonding for end-burning 
grains. 

56. Choice of oridizer. The differences among 
the three oxidizers that have been widely used 
in fuel binder composites, potassium perchlorate, 
ammonium perchlorate, and ammonium nitrate 
are shown in Table 11. As a matter of interest, 



TABLE 11. I OXIDIZERS FOR FUEL 
BINDER COMPOSITES 



KC10 4 


NH4CIO4 


NH4NO3 


KNO3 


Molecular weight 138.55 


117.50 


80.05 


101.10 


Specific gravity, p 2.52 


1.95 


1.725 


2.11 


ViClo, 0.0036 


0.0043 






V4H„ — 


0.0170 


0.0250 




V4N„ — - 


0.0043 


0.0125 


0.0049 


0„ 0.0288 


0.0340 


0.0375 


0.0247 


Specific volume, — 0.397 


0.513 


0.580 


0.474 



figures are included for KNO3. Following the 
nomenclature of Chapter 2, the items Cl ox is 
the number of gram atoms of Cl in one gram of 
oxidizer, H ox , the number of gram atoms of hydro- 
gen, etc. In the case of potassium perchlorate part 
of the KC1 resulting from pyrolysis of the oxidizer 
is found to be vaporized, and part remains in the 
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condensed phase. For the purpose of the present 
argufnent it is assumed that half of it is in the gas 
phase. In the case of ammonium perchlorate all 
of the chlorine is in the gas phase, and its contri- 
bution to the gas volume is V2C\ 0X . Any hydrogen 
will be in the form of either H 2 or H 2 0, so the 
contribution of the hydrogen of the oxidizer to 
the combustion product volume is ViH 0J . The 
oxygen of the oxidizer will appear as CO, C0 2 , 
or H 2 0 and makes no separate contribution to 
the gas volume. In the case of potassium nitrate 
it is assumed that a solid residue of K 2 0 will 
exist under operating conditions. This removes 
one-half atom of oxygen from the quantity avail- 
able for oxidizing fuel, and the value of 0„ under 
KN0 3 is corrected for this. 

A more significant comparison of the oxidizers 
appears when they are formulated with a fuel. As 
an example, consider a series of propellants formu- 
lated at 75 weight percent oxidizers with a hypo- 
thetical fuel of composition CH t 5 and specific 
gravity 1.2. Data concerning such a fuel are shown 
in Table 12 and for the propellants in Table 13. 



TABLE 12.1 HYPOTHETICAL FUEL 
BINDER CHj , 5 



Molecular weight 
YiH, 

Specific volume, - 



13.5 
0.0556 
0.0740 

0.833 



TABLE 13.1 HYPOTHETICAL 
PROPELLANTS 

KCIO4 NH4CIO4 NH4NO3 KNO3 



Oxidizer weight 


0.75 


0.75 


0.75 


0.75 


Binder weight 


0.25 


0.25 


0.25 


0.25 


2C 


0.0185 


0.0185 


0.0185 


0.0185 


V* N 




0.0032 


0.0094 


0.0037 


V6H„ 




0.0128 


0.0188 




'/iH, 


0.0139 


0.0139 


0.0139 


0.0139 


'/2 2C1 


0.0027 


0.0032 






1 

M 


0.0351 


0.0516 


0.0606 


0.0361 


20 


0.0216 


0.0255 


0.0282 


0.0185 


20 -2C 


0.0031 


0.0070 


0.0097 




Oxidizer volume 


0.298 


0.385 


0.435 


0.355 


Binder volume 


0.208 


0.208 


0.208 


0.208 


Tptal volume 


0.506 


0.593 


0.643 


0.563 


Specific gravity, p 


1.97 


1.69 


1.56 


1.78 


Binder volume, % 


41 


35 


32 


37 



The potassium nitrate member of this series of 
propellants is capable of producing as much gas 

(J^J as tri e potassium perchlorate member but 

the total available oxygen is only enough to oxi- 
dize the carbon to CO. This propellant is badly 
underoxidized, and potassium nitrate has properly 
been ignored in the development of fuel binder 
composites. 

56-1. Potassium perchlorate. Potassium per- 
chlorate has the considerable disadvantage that 
a major part of the KC1 formed in its pyrolysis 
remains condensed under operating conditions, re- 

sulting in a low gas volume (j^jj- The rest of the 

KC1 condenses in the exhaust, and any propellant 
formulated with potassium perchlorate burns with 
a dense white smoke. Linear burning rates of 
potassium perchlorate propellants tend to be high, 
0.8 to 0.9 in/sec at 1000 psi. Propellant densities 
also are high, 1.8 to 2.0 g/cc, reflecting the high 
specific gravity of potassium perchlorate. Specific 
impulses are generally below 200 lb-sec/lb, re- 
flecting the low gas volume, (Jfij- The pressure 

exponent, n (Equation 3 la), tends also to be high. 
Due to the low specific impulse and smoky ex- 
haust, potassium perchlorate propellants are no 
longer in general use. 

56-2. Ammonium perchlorate. Ammonium 
perchlorate avoids most of the disadvantages of 
potassium perchlorate. Propellants containing am- 
monium perchlorate burn substantially without 
residue or smoke, and the oxidizer makes a sub- 
stantial contribution to the gas volume. As a result 
of this, specific impulses have been calculated to 
about 250 and measured to about 240 lb-sec/sec. 
The (measured) specific impulses and the flame 
temperatures of selected ammonium perchlorate 
propellants taken from SPIA/M2 data sheets are 
shown in Figure 59. 

As these propellants were made up with a vari- 
ety of binders, it is apparent that specific impulse 
and flame temperature are largely determined by 
the weight loading of the oxidizer. Over the range 
55 to 81 weight percent oxidizer, the flame tem- 
peratures seem to be linear and nearly propor- 
tional to the weight fraction of oxidizer. The 
specific impulse also rises with increasing weight 
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Figure 59. Specific Impulse, /,„, and Flame Temperaiure, T p , of NH A CIO A -Fuel Binder Composiies 



fraction of oxidizer but appears to approach a 
maximum of about 240 Ib-sec/lb. 

Comparing the two exatnples of potassium per- 
cMorate propellants (ALT-161 and AK-14) with 
Figure 59, it appears that the potassium perchlo- 
rate propellants at about 75 percent oxidizer are 
equivalent in specific impulse and flame tempera- 
ture to ammonium perchlorate propellants at 
about 60 percent oxidizer. 

Burning rates of ammonium perchlorate pro- 
pellants at 1000 psi and room temperature are 
plotted in Figure 60. They also seem to trend 
upward with increasing weight percent of oxidizer 
but are subject to other influences. It is recognized 
that oxidizer grist has an effect on the burning 
rate, coarse oxidizer leading to low burning rates 



in a given composition. Burning rates of ammo- 
nium perchlorate propellants have also been in- 
creased by substitution of potassium perchlorate 
for part of the ammonium perchlorate, but at the 
cost of a smoky exhaust. Burning rates may also 
be influenced by catalysts. 

Ammonium perchlorate is a monopropellant. 
Its pyrolysis starts with dissociation according to 
the reaction 1 



NH 4 C10 4 -h> NH 3 + HC10 4 



(57) 



leading to a combustible mixture of NH 3 and 
HCIO4 in the gas phase adjacent to a NH 4 C10 4 
crystal.' Subsequent features of the combustion re- 
actions are a matter of some dispute. According 
to the two-temperature theory 2 the burning sur- 
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Figure 60. Burning Rate, r, at W00 psi, Ambient Temperature of NH 4 C/0 4 -Fue/ Binder ComposHes 



face retreats in a plane, the linear burning rates 
of the binder and oxidizer are the same. This 
requires that the surface temperatures of burning 
oxidizer and binder be different. The thermal layer 
theory, 3 on the other hand, states that the rate- 
controlling step is the redox reaction of the mono- 
propellant, in this case between the NH 3 and 
HC10 4 , that burning surface is not plane, and that 
diffusion of binder pyrolytic products into the 
thermal layer where the redox reaction is going on 
may lead to perturbation depending on the rela- 
tive rates of reaction between the oxidizer-binder 
pyrolysis products and the oxidizer pyrolysis prod- 
ucts alone. 



The reaction products of ammonium perchlo- 
rate fuel binder composites are N 2 , CO, C0 2 , H 2 , 
H 2 0, and HC1. Of these products only HC1 de- 
serves special mention, the others being common 
to smokeless powders which have long been used 
in various heat engines. At relative humidities 
above about 85 percent' HC1 tends to condense 
to droplets of aqueous HC1, giving rise to smoke 
and to corrosion of metal surfaces. The wide use 
of ammonium perchlorate fuel binder composite 
propellants in rockets is an indication that for 
rocketry HC1 in the exhaust is not a serious-prob- 
lem. If other atomic species are present in the 
binder, their compounds will, of course, appear 
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Figure 6h Specific Impulses, l ap , and Flame Temperaiures, T p , of NH 4 NO n -Fuel Binder Composiles 



in the exhaust and may be additional sources of 
corrosion. 

56-3. Lithium perchlorate. Lithium perchlorate 
has received some attention as an oxidizer in these 
composite propellants (e.g., GCR-300 in SPIA/ 
M2). This oxidizer should be superior to potas- 
sium perchlorate in that the LiCl should all be 
vaporized and form part of the working fluid, with 
the amount of available oxygen per unit weight of 
oxidizer higher due to lower molecular weight. 
Condensation of LiCl in the exhaust should lead 
to dense smoke as in the case of the potassium 
salt. Propellants containing lithium perchlorate 
have higher density but are more hygroscopic than 
corresponding ammonium perchlorate propellants. 

56-4. Ammonium nitrate. The use of ammo- 
nium nitrate as oxidizer in fuel binder composites 
avoids the problem of corrosive exhaust due to 
HC1, at the cost of lowered specific impulse. As 

indicated in Table 13, the volume (J^J °f prod- 

uct gas is higher than for a corresponding ammo- 
nium perchlorate propellant, so that the lower 
specific impulse must result from a lower flame 
temperature, T p . This is indeed the case, as may 
be seen in Figure 61. The maximum specific im- 
pulse appears to be in the neighborhood of 200 
lb-sec/lb, and this is attained at a flame tempera- 
ture some hundreds of degrees lower than for 
the same specific impulse in the ammonium per- 



chlorate system. If maximum performance is not 
required, quite low flame temperatures can be 
attained by decreasing the ammonium nitrate load- 
ing, or by incorporating thermally decomposed 
diluents such as cyanoguanidine. 

Burning rates appear to range from 0.05 to 
0.27. The combination of low temperature and 
low burning rate is attractive for gas generator 
uses. The higher rates are available through the 
use of catalysts such as Prussian blue (ferric ferro- 
cyanide), 5 0 Milori blue, 7 chromium compounds 
such as ammonium dichromate, 8 cobalt com- 
pounds, 9 or sodium barbiturate. 10 The higher 
burning rates so produced are useful in sustainer 
motors and even booster rockets. 11 

The burning mechanism of ammonium nitrate 
propellants has been extensively investigated. Am- 
monium nitrate is also a monopropellant, and its 
first pyrolytic product is a gaseous mixture of NH 3 
and HNO a . The rate-controlling reaction is pre- 
sumed 1 to be the redox reaction 



NH :{ + N0 2 -» NH 2 + HN0 2 



(58) 



and in the thermal layer theory the reactions of 
binder pyrolytic products with the ammonium 
nitrate pyrolytic products occur so late (so far 
from the burning surface) that they do not com- 
municate heat to the burning surface. This would 
explain qualitatively the slow burning rates. The 
mechanism of catalysis has not been explained. 



93 



The combustion products of ammonium nitrate 
composites are N 2> CO, C0 2 , H 2 , and H 2 0, the 
same as from smokeless powders, and present no 
new problems. They are generally in a compara- 
tively high state of oxidation, so that even the 
cool formulations burn without producing much 
free carbon. 

Ammonium nitrate is hygroscopic and, in addi- 
tion, exhibits phase changes at several temperatures. 
Precautions must be taken to keep ammonium ni- 
trate propellants below 40 percent relative humid- 
ity during manufacture and subsequent handling. 
Processing is preferably done at temperatures 
above 90°F to avoid cycling through the phase 
change at that temperature. The higher perform- 
ance ammonium nitrate propellants are so formu- 
lated that their volume fraction of binder is too 
low to permit casting. Extrusion or compression 
molding processes are commonly used to fabricate 
such propellants. 

56-5. Mixed oxidizers. Combinations of oxi- 
dizers are sometimes used to get burning rates 
outside the normal ranges for single oxidizers. 
The combination of potassium perchlorate 12 with 
ammonium perchlorate leads to higher burning 
rates than the arithmetic mean of the normal rates 
of the two oxidizers measured separately. This 
combination preserves the high pressure exponent 
{e.g., T10-E3 in SPIA/M2) of the potassium per- 
chlorate propellants; indeed in some proportions 
of these two oxidizers values of 'n approaching or 
even exceeding 1 have been observed. Ammonium 
nitrate, nitroguanidine, or cyclotetramethylene- 
tetranitramine (HMX) may be used as part of the 
oxidizer 13 to lower the burning rate of an ammo- 
nium perchlorate propellant. Ammonium picrate 
comprises part of the oxidizer in the British plastic 
propellants. 

57. Volumetric relation of oxidizer to binder. 

As shown above, the ballistic properties of a fuel- 
binder composite propellant are determined by the 
weight fraction of oxidizer. The physical proper- 
ties including fluidity during manufacture are de- 
termined by the volume fraction of binder and on 
the choice of binder, with the shape of the oxidizer 
particles and their grist playing a supporting role. 
Roughly spherical solids can be dispersed in liquids 
up to about 50 volume percent without having 
much effect on the fluidity of the system, and 
with favorable grist and solid particle shape the 



volume fraction of the continuum may be de- 
creased to 40 or even 35 volume percent before 
the presence of the solids is strongly felt in the 
fluidity of the system. Beyond that point the vis- 
cosity of the system increases rapidly, and a con- 
centration is soon reached where the system will 
not flow. In the fuel binder composite system, 
casting loses its feasibility when the volume frac- 
tion of the binder goes much below 30 percent. 
Concurrently even with elastomeric binders the 
distortion at rupture approaches a low value when 
the volume fraction of the binder decreases below 
this region. For case-bonded systems, therefore, 
the fraction of binder must be maintained above 
this minimum in order that the grain maintain its 
integrity over a temperature range. This means 
that when one is formulating a high performance 
grain, which will therefore require a low weight 
fraction of binder, the preferred binder will be a 
low density material in order that the volume frac- 
tion of the binder be simultaneously kept high. 
On the other hand, at low oxidizer loading such 
as is preferred for low flame-temperature gas gen- 
erator propellants, the binder weight fraction will 
be naturally higher and one might well choose a 
dense binder to minimize the envelope. Table 14 



TABLE 14. 



OXIDIZER LOADING VERSUS 
BINDER DENSITY PER UNIT VOLUME 



Binder density 


1.0 


1.2 


1.4 


Volume 


0.30 


0.30 


0.30 


Weight 


0.30 


0.36 


0.42 


NH4CIO4 volume 


0.70 


0.70 


0.70 


Weight 


1.37 


1.37 


1.37 


Propellant density, p 


1.67 


1.73 


1.79 


NH4CIO4, weight percent 


82 


79 


76 


Binder, weight percent 


18 


21 


24 


NH4NO3 volume 


0.70 


0.70 


0.70 


Weight 


1.21 


1.21 


1.21 


Propellant density, p 


1.51 


1.57 


1.63 


NH4NO3, weight percent 


80 


77 


74 


Binder, weight percent 


20 


23 


26 



illustrates the effect of binder density on the 
weight percent oxidizer loading at a constant 30 
volume percent binder basis. 

58. Choice of binder. End-item use may re- 
quire either a cartridge-type grain, for ease of in- 
spection or for repetitive use of the chamber, or 
a case-bonded grain for high performance. If a 
cartridge-type grain is called for, the propellant 
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must have high modulus and some compressive 
strength. If the grain is to be case-bonded the 
stresses to which the grain will be subjected call 
for low modulus and high elongation. 

58-1. Asphalt. Asphalt, the first binder used in 
a fuel-binder composite, produced a case-bondable 
propellant. As may be seen from the data sheet 
on ALT- 161 (see SPIA/M2), the asphalt was 
softened with a plasticizer to decrease the modulus 
so that the propellant could be used over a suit- 
able but restricted temperature range. At tempera- 
tures below about — 20°F the propellant became 
very brittle, leading to fracture and explosion on 
ignition. At temperatures above about 120°F the 
propellant became quite soft and flowed away from 
its design geometry. Asphalt had the advantage of 
being cheap and available. The propellant manu- 
facture was simple, the oxidizer was incorporated 
into the binder at elevated temperature using a 
sigma blade mixer and the mixture was poured 
into the mold or case and allowed to cool. 

58-2. Polyisobutene. Polyisobutene, used in the 
British "plastic propellant," differs from asphalt 
chiefly in having a better temperature coefficient 
of physical properties. An example of such pro- 
pellant is R. D. 2312 (see SPIA/M2). The oxi- 
dizer ammonium picrate is readily deformable and 
hence permits a lower than normal binder volume 
fraction. It also affords a lower burning rate than 
ammonium perchlorate would give as the sole 
oxidizer. 

58-3. Elastomeric binders. Tensile strength 
enough to enable the propellant to withstand 
handling and firing accelerations is added to the 
binder properties by incorporation of a polymer, 
often cross-linked, into the binder. The polymer 
may be one of the rubbers, used with or with- 
out a plasticizer, or it may be one of the non- 
rubbery thermoplastics such as cellulose acetate or 



poly(vinyl chloride), used with enough plasticizer 
to bring the modulus of the propellant into the 
proper range. 

58-3.1. Polysulfide rubber. The first such binder 
was formulated with polysulfide rubber," and 
polysulfide rubbers have remained important con- 
stituents of case-bonded composite propellants. ir ' 
The polymer is introduced as a partially polymer- 
ized prepolymer (liquid polymer) and polymeriza- 
tion is completed during the curing operation in 
the case or mold at elevated temperature and in the 
presence of a polymerization catalyst such as 
p-quinonedioxime. In order to accelerate the cure 
or to accomplish it at a lower temperature, a pro- 
moter such as diphenylguanidine is sometimes also 
used. Magnesium oxide and ferric oxide may be 
used to modify the burning rate, and other addi- 
tives are occasionally used for various reasons. 

Polysulfide propellants are fairly dense, reflect- 
ing the density of the polysulfide polymer. This 
feature restricts the allowable oxidizer loading. In 
the moderate performance range, on the other 
hand, a given total impulse can be contained within 
a smaller envelope than with a less dense propel- 
lant. At temperatures above about 0°F the tensile 
strain at rupture is typically 50 to 100 percent, 
being lower with the higher loading density. This 
level is generally adequate for case-bonded appli- 
cations. 

In more than 10 years of existence, polysulfide 
propellants have not shown seriously deleterious 
aging effects except for a change on the exposed 
surface of the grains that interferes with ignition. 
It is believed that this property has been over- 
come in later formulations, but this can be demon- 
strated only when the newer propellants have been 
aged. 

The manufacturing process used for polysulfide 
propellants is the slurry casting process, 10 for 
which the flowsheet is shown in Figure 62. 
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Courtesy of Thiokol Chemical Corporation Redstone Division 



Figure 63. Sigma Blade Mixer (200 Gallon) 



Reproducibility of the oxidizer grist is one of 
the most important quality control measures in the 
manufacture. The mixer may be a sigma blade 
mixer, equipped with bottom outlet, shown in 
Figure 63, or, alternatively, a vertical mixer shown 
in Figure 64. The ingredients are added consecu- 
tively to the mixer, starting with the prepolymer. 
At the conclusion of the mixing the charge is de- 
aerated by evacuation or other means and cast 
into the motor case. Curing is accomplished by 
subjecting the loaded case to elevated temperature 
in a heated space (a pit is used for large charges). 
The mandrels are removed after the cured charge 
is cooled, and the charge is finished by machining 
any designed surfaces not produced by the mold. 
In general, such surfaces are chiefly the aft end of 
the grain. A typical mandrel is shown in Figure 65 . 
and a motor with case-bonded grain in Figure 66. 

Polysulfide-ammonium perchlorate grains from 
1 .5 inches to 40 inches in diameter, and in weights 



from 0.5 pound to 8700 pounds have been manu- 
factured and flown in rocket motors. Examples of 
polysulfide-ammonium perchlorate composites in 
service use are 

T14 used in early experimental work with 
large engines; 

T17 used in RVA10, Sergeant (XM-12), 
XI 7, reentry vehicle (XM20), and various test 
vehicles in the Polaris and NASA high altitude 
programs; 

T24 used in the Honest John spinncr rocket 
(M-7); 

T13E1 used in various aerodynamic test 
vehicles (T-40); 
T-22 used in Loki; 

GCR-201C used in Vanguard third stage 
rocket; and 

T27 used in Falcon (XM-46) two-lcvel thrust 
motor. 



96 




Courtesy o/ Thiokol Chemical Corporation, Redstone Divition 



Figure 64. Verlical Mixer (300 Gallon) 
97 



Figure 65. 



Courtesy o\ Thiokol Chemical Corporation, liedstont: Uiuision 

Mandrel for Medium Size Rocfcef Mofor 



58-3.2. Polyurethane rubber. Apart from the 
polysulfides, most sytithetic rubbers are formed 
by vinyl-type polymerization, or addition at doublc 
bonds. Other polymerization reactions not involv- 
ing production of volatile by-products are known 
and may be useful in preparation of propellant 
binders. For example, if an isocyanate is added 
to a compound containing an —OH group, a 
urethane is formed according to the reaction 

R'NCO + HOR" = R'NHCOOR" (59) 

Reaction of a diisocyanate and a diol thus gives 
a long chain linear polyurethane, and the presence 
of some polyol or polyisocyanate should cause 
the polymer to cross-link. In order to minimize the 
heat of polymerization during the cure it is cus- 
tomary to use a long chain diol such as poly- 
propylene glycol, H[OCH,-CH]„-OH, with a 

CH :1 



simple diisocyanate such as toluene diisocyanate. 
Therc are many long chain diols available but 
only relatively few diisocyanates are on the market. 
The polymerization reaction must be catalyzed, as 
by ferric acetyl acetonate, and accelerators of the 
polymerization are known. The polymer may be 
used with or without a plasticizer. 

The physical properties are similar to those of 
polysulfide propellants at the same binder volume 
fraction. The density of the polyurethane propel- 
lant is naturally lower than that of a polysulfide 
propellant at the same oxidizer weight fraction. 

The manufacturing process is the same as that 
for polysulfide propellant, with one important pre- 
caution. Since the isocyanates react with —OH 
groups, it is particularly important that all ingre- 
dients be quite dry. Addition of water to iso- 
cyanates results in — NHCOOH groups which tend 
to decompose. Polyurethane binders have been 
more extensively used in the aluminum-ammo- 
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F/gure 66. 



Courtesy of Thiokol Chemical Corporation. Redstone Division 

Medium S/ze Case-Bonded Grain With a 5-Point Star Configuration 



nium perchlorate-binder propellants described in 
ORDP 20-176. 

58-3.3. Butadiene-acrylic acid copolymer rub- 
ber, PBAA. When butadiene is copolymerized 
with acrylic acid and cured with an epoxide, an 
elastomeric binder results with properties fairly 
similar to those described for the polyurethanes. 
This binder system has a comparable density to 
that of the polyurethane binder, tolerates about 
the same weight percent of oxidizer in a case- 
bondable propellant, and gives performance in the 
same range. The manufacturing process is essen- 
tially that shown in Figure 62. PBAA binders 
are rcceiving considerable attention in the newer 
aluminum-ammonium perchlorate propellants, dis- 
cussed in ORDP 20-176. 

58-3.4. PoIy(vinyl chloride). A nonrubbery 
polymer, if, sufnciently plasticized, may develop in 
a heavily loaded plastic about the same ultimate 



tensile strength, elongation, and modulus as a 
rubbery polymer with little or no plasticizer. This 
situation is taken advantage of in the poly(vinyl 
chloride) propellants such as Arcite 368 used in 
the Arcon sounding rocket motor. At a compara- 
ble density to that of the polyurethane propellants, 
a poly(vinyl chloride) propellant permits about the 
same weight fraction of oxidizer and develops 
about the same specific impulse. At a lower plasti- 
cizer level a stiffer binder and therefore a more 
rigid propellant results, with properties of com- 
pressive strength and high modulus required for 
a cartridge-loaded grain. Cross-linking may be ac- 
complished by formulation with agents that react 
during the cure. 

A novel feature of the poly(vinyl chloride) pro- 
pellants is their method of manufacture. The poly- 
mer, already completely polymerized, is suspended 
in the plasticizer together with the oxidant and 
additives during the mixing operation. At ambient 
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Figure 67. 



1. Hopper for inert propellant feed 

2. Pressurized filling pot for Arcite propellant 

3. "Hot" propellant feed 

4. Barrel of extruder 

5. Die 



1-lnch Ettruder for Poly(Vinyl Chloride) Propellant 

Courtesy of Atlantic Research Corporation 



6. Wafer trough 

7. Take-off rollers 

8. Automatic saw 

9. Extruded propellant 
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Courtety o/ Atlantic Research Corporation 



Figure 68. 



Extrusion of Wired Grain 



temperature, or perhaps at a chilled mixing tem- 
perature, the polymer does not imbibe the plasti- 
cizer, so that good pot life is attainable. The still 
fluid mix, called plastisol, is transferred to the case 
or mold and the grain is cured and finished. The 
curing operation is mechanically the same as for 
the synthetic rubbers, shown in Figure 62, but it is 
chemically quite different. These propellants may 
also be extruded. A small extruder is shown in 
Figure 67, illustrating the essentials of this process. 
The extruder is operated at a temperature above 
350°F, and curing takes place during the extru- 
sion. Grains containing wires strung parallel to 
the axis may also be extruded, as shown. in Fig- 
ure 68. Since no polymerization takes place during 
the cure, there is no exotherm and little, if any, 
volume change due to curing. On the other hand, 
the high temperature of the curing operation en- 
tails appreciable thermal shrinkage when the cured 
grain is brought to ambient temperature. 



58-3.5. Elastomeric binders for cartridge-Ioaded 
grains. Although the case-bondable binders do not 
in general contain so much plasticizer that they 
can be stiffened by eliminating plasticizer, there 
are at least three ways that elastomers can be 
adapted to such use. One such way is to bond 
the grain to a relatively rigid mechanical member 
separable from the case, which may also serve as 
an inhibitor. Another is to cross-link the polymer 
to a greater extent than is required for the readily 
deformable case bonds. The third method is to 
decrease the volume fraction of the binder to below 
30 percent so that interaction of the crystalline 
particles carries part of the imposed load and 
helps resist deformation. The first two alternates 
would still permit fabrication of the grain by cast- 
ing. The third would require other fabrication 
techniques. In the case of propellant CPN-127A 
(see SPIA/M2) used in aircraft jatos, the binder 
employed is a butadiene-2-methyl-5-vinyl-pyridine 
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CHAPTER 10 

INERT SIMULANTS FOR PROPELLANTS 



59. General. Propellants are hazardous mate- 
rials, necessary for functioning in their engines but 
undesirable for many uses such as display and 
break-in of manufacturing equipment when func- 
tioning is not contemplated. To meet the require- 
ment for materials for such nonfunctioning uses, 
inert simulants or dummy formulations have been 
developed to represent propellants. The ideal inert 
simulant for any propellant should duplicate the 
propellant in all physical properties — appearance, 
density, texture, hardness, physical strength, and 
plasticity over a temperature range — without being 
a propellant. Considerable compromise with the 
ideal is permissible and usual to save time and 
development expense, depending on the use to 
which the dummy is to be put. 

60. Mock-ups. Where geometry is the only con- 
sideration, as for illustration of the spatial rela- 
tionship of the propellant to other parts of the 
engine or for assurance that the engine complete 
with propellant can be assembled, the dummy may 
be built of wood and painted the proper color. 
Coal is an admirable mock-up for black powder. 

61. Simulants to reproduce physical properties. 

In order to demonstrate the physical properties of 
a propellant by the use of an inert simulant, one 
needs something more closely akin to the propel- 
lant than a wood mock-up. Most modern pro- 
pellants are plastics, and a plastic dummy will 
look, feel, and handle more like its live counter- 
part. Most of the physical properties of propellants 
are traceable to the polymer content. In the case 
of fuel binder composite propellants the same 
volume percent of the same binder together with 
a suitable filler should result in a reasonable dupli- 
cation of the physical properties. The filler should, 
if possible, have the same specific gravity and 
crystal structure as the oxidant used in the live 
propellant. For example, potassium chloride is a 
good replacement for ammonium perchlorate. If 
the specific gravity of the filler cannot be precisely 
matched and density of the dummy is important, 
as in locating the center of gravity of the engine, 
the volume percent of binder can usually be com- 
promised safely. Alternatively, two inert simu- 
lants for a propeliant may be developed, one to 



duplicate density and another to duplicate other 
physical properties required. 

The problem is considerably more difficult when 
the polymer is itself a propellant as is nitrocellu- 
lose. In this case an inert polymer should be found, 
with density and other physical properties dupli- 
cating the propellant polymer: This has, in general, 
not been done. Cellulose acetate is a popular simu- 
lant for nitrocellulose, but it is not very good. The 
difference is appreciable in density, appearance, 
and feel, even with the best available plasticizers. 
In order to reproduce density it appears necessary 
to use crystalline fillers which worsen the match 
between dummy and live propellant in other 
properties. 

An inert simulant for OIO cast double-base 
propellant (see SPIA/M2) was formulated as 
follows: 





Casting 


Casting 




Powder 


Solvent 


Cellulose acetate 


0.57 




Triacetin 


0.10 


0.962 


Graphite 


0.03 




Red lead 


0.30 




2-Nitrodiphenylamine 




0.038 




1.00 


1.00 



Comparison of the inert with live OIO: 





Inert 


Live 


Casting Powder 






Density, p, g/cc 


1.75 


1.5 


Packing density, g/cc 


1.02 


1.01 


Cast Powder 






Density, p, g/cc 


1.60 


1.55 


Tensile strength, psi 


465 


900 


Elongation, percent 


8 


49 


Volume coefficient of 






expansion, per degree F 


6.2 X 10-* 





62. Simulants to reproduce manufacturing 
properties. In the development of new manufac- 
turing equipment, for checking out extruders and 
other types of processing machinery after main- 
tenance or prolonged inactivity, and to displace 
live propellant preparatory to disassembly of proc- 
essing equipment, it is necessary to have a dummy 
formulation that behaves like live propellant in 
process. In general this requires matching mechan- 
ical properties not only dry and at ambient tem- 
perature but also over a temperature range and 
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perhaps admixed with volatile solvents. Since it is 
the polymer which largely determines manufac- 
turing properties as well as product physical prop- 
erties, substitution of filler is generally adequate 
in fuel binder composites. It must be verified that 
the replacement filler will not affect the reaction 
rate of any chemical changes involved in the 
manufacture. 

There are no good manufacturing dummies for 
nitrocellulose-base propellants. Wax,* with or 
without sawdust, or similar carbonaceous material 
and cellulose acetate compositions, respectively, 
have been used successfully for clean out and to 
put loads on machinery, but they do not duplicate 
the operating mechanical loads, nor do they dupli- 
cate the dimensional changes in the product during 
manufacture. 

63. Semilive. In order to overcome the dis- 
advantages of a completely inert dummy in 
studying manufacturing problems of nitrocellulose 
system propellants, semilive simulants have been 
developed, in which the nitrocellulose is retained 
as the polymer but all plasticizers used are fuel 
plasticizers. This results in compositions of low or 
negative calorific value. If ignited these simulants 
will burn slowly and incompletely, allowing oper- 
ating personnel to escape safely but emphatically 
demonstrating any mechanical situations that 
could cause destructive damage with live propel- 
lant. In formulating a semilive propellant, the con- 
centration of nitrocellulose should be about the 
same as in the live counterpart and the viscosity 
of the fuel plasticizer should be as close as pos- 
sible to the viscosity of the combined plasticizers 



in the live propellant. With these initial criteria 
the composition of the semilive propellant can be 
readily developed empirically. 

The composition and physical properties of N-5 
and its semilive analog are shown below: 





N-5 


Semilive 


Nitrocellulose, 12.6% N 


50.00 


54.19 


Nitroglycerin 


34.90 




Di-n-butyl phthalate 




30.97 


Di-(2-ethyl hexyl) phthalate 




10.90 


Diethyl phthalate 


10.50 




2-Nitrodiphenylamine 


2.00 


2.11 


Lead salts 


2.40 


2.10 


Candelilla wax 


0.20 


0.21 


Specific gravity, p 


1.56 


1.31 


Nitrocellulose concentration, g/cc 


0.78 


0.71 


Tensile strength, crosswise, psi 


320 


210 


Tensile strength, lengthwise, psi 


480 


330 


Elongation, percent 


47 


73 



The lower tensile strength and greater elonga- 
tion of the semilive propellant are seen to follow 
the lower nitrocellulose concentration as predicted. 
Extrusion pressure with the semilive was also con- 
siderably lower than with live N-5. In spite of the 
fact that the semilive appears to be somewhat 
deficient in nitrocellulose it has been used success- 
fully to break in extrusion equipment of experi- 
mental design. 

The measured calorific value, 435 cal/g, is well 
above the calculated value, demonstrating again 
the lack of equilibrium in calorimetry of cool 
propellants discussed in Chapter 2. The burning 
rate, about 0.07 in/sec at 70°F, 1000 psi, is low 
enough to prevent destruction of extrusion equip- 
ment in case of fire. 



REFERENCE 

1 . Hercules Powder Company, unpublished data. 
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a — aconstant 
a -- acceleration 
h — time rate of acceleration 
a (subscript) = atmospheric 
ov (subscript) = average 
A t, = area of burning surface = S 
A e = area of nozzle exit 
A t = port area 
A t = nozzle throat area 
b = a constant 
b' — a constant 
b" -- aconstant 
c (subscript) = chamber 
c* = characteristic velocity 
cf = calculated thermodynamic characteristic 
velocity 

C = concentration of pclymer in solution 

C D = mass flow factor - 

Cr = thrust coefficient 

d = number of weight atoms of carbon in 

unit weight of ingredient / in propellant 

composition 

C p = molar heat capacity at constant pressure 

C„ = molar heat capacity at constant volume 

d — grain diameter 

D e = diameter of nozzle exit 

D t = diameter of nozzle throat 

e = base of natural logarithms 

e (subscript) = exit 

E = internal energy 

AE = heat of formation = H f 

f (subscript) = partial value contributed by f uel 

F = specific force or impetus 

F = thrust 

g = acceleration of gravity 
g (subscript) = gaseous state 
G = mass velocity of the gases in the port 
Ghp = gas horsepower 
H = moisture content 
H t = heat of formation = AE 
H et = heat of explosion = Q 
AH = enthalpy change 
i (subscript) = partial value contributed by ingre- 
dient/ 



/ = ingredient in propellant composition 
/ = total impulse 
I, f — specific impulse 

= calculated thermodynamic specific im- 
pulse 



I gp (del) = measured specific impulse at nonstand- 

ard conditions 
/ (subscript) = partial value contributed by product 
/ = product gas constituent 
k = erosion constant 
K = aconstant 
K = Kelvin (temperature) 
K = ratio of initial propellant burning surface 

to nozzle throat area = 4^ 
A t 

K t — erosivity constant 
/ (subscript) = liquid state 

L = distance downstream from the stagna- 

tion point 
L = grain length 

M — molecular weight of combustion gases 

4i = specific gas volume 
M 

M rp = average molecular weight of combustion 
gases at isobaric adiabatic flame tem- 
perature 

M T = average molecular weight of combustion 
gases at isochoric adiabatic flame tem- 
perature 

n = exponent in de Saint Robert burning rate 

equation, r = bP n 
n = gas volume in moles produced from unit 

weight of propellant = ^ 

n h — moles per unit weight of gas at isobaric 
adiabatic flame temperature 

n c = moles per unit weight of gas at isochoric 
adiabatic flame temperature 

o (subscript or superscript) = calculated thermo- 
dynamic value 

o (subscript) = initial condition 

ox (subscript) = partial value contributed by oxi- 
dizer 

p (subscript) = constant pressure conditions 

P = pressure 

P c — chamber pressure 
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Q = heat of explosion = H„ 

r = linear burning rate 

R = Rankine (temperature) 

R = specific gas constant = 

R 0 = universal gas constant 

RF = relative force 

RH = relative humidity 

RQ — relative quickness 

s (subscript) = solid state 

S = area of burning surface 

S = tensile stress 

S b — tensile stress at break 

5; = final area of surface after burning 

S { — initial area of surface 

S m = maximum stress 

t — time 

U = burning time 

t (subscript) = throat condition 

T = absolute temperature 

Ti = initial temperature 

r< = pyrolysis temperature 

T o = reference temperature 

T p = isobaric adiabatic flame temperature 

T t = temperature at throat 

T v — isochoric adiabatic flame temperature 

u = a constant 

v (subscript) = constant volume conditions 

V = velocity 

V = volume 

V, = volume of propellant 

W = weight 

* = weight burning rate 

x = weight fraction 

y = volume fraction 

• (superscript dot) = time derivative 



a 

a 
a 



P 
\_ 
P 

"v 

"K 



(overline) = average 
= a constant 
= covolume 

= nozzle divergence half-angle 
= a constant 

= volumetric coefficient of thermal expan- 
sion 



y = ratio of specific heats = j} 



— = relative viscosity 



v_ 
\ 

A 



TTp — 



TT K — 



nozzle-expansion area ratio = -j 5 

viscosity of solution 
viscosity of solvent 



nozzle divergence loss factor 
propellant mass ratio, ratio of propellant 
mass of any stage to gross mass of that 
stage 

temperature coefficient of pressure at 
constant pressure-rate ratio = t J 

r 

temperature coefficient of pressure at 

constant K value = 

density 



= specific volume 

= temperature coefficient of burning rate at 

constant pressure = ("gj"J 
= temperature coefficient of burning rate at 

constant K value = (^f^) 



XII 



Copyrighted Materials 

U.S. Army Materiel Command Retrieved from www.knovel.com 



LIST OF TABLES 



Table Title Page 

1 Reduced characteristic velocity \4\ 

2 Thermochemical constants for Hirschfelder-Sherman calculation . . \$\ 

3 Nominal compositions of black powder available in the United 

States 

4 Granulations of potassium nitrate black powders 

5 Granulations of sodium nitrate black powders 

6 Consumption of black blasting powder (all types) in the United 

States [40] 

7 Physical and ballistic parameters of crystalline monopropellants. . \$Z\ 

8 Hygroscopicity of nitrocellulose 05] 

9 Nonflashing propellants [35] 

10 High force propellants 

1 1 Oxidizers for fuel binder compcsites 

12 Hypothetical fuel binder CH i.j 

13 Hypothetical propellants 

14 Oxidizer loading versus binder density per unit volume. . 



X 



Copyrighted Materials 

U.S. Army Materiel Command Retrieved from www.knovel.com 



GLOSSARY 



The teras below, as used i n this HandDook, 
are Ordnance teras or are used in a specialized 
sense. Other terms are as defined i n AR 320-5, 
Dictionary of United States Army Terms; *** MU 
STD-4W, Nomenclature and Definitions in the 
Ammunition Area; Merriam-Webster's unabridged 
dictionary, or comraon usage. 

ABL. (abbr). Allegany Ballistics Laboratory. 
ARPA. (abbr). Advanced Research Projects 
Agency. 

bazooka rocket. Shoulder fired rocket, specifi- 

cally the 2.36-inch. 
binder. Continuous phase in which some other 

material is embedded. 
bunting rate, linear. The rate of burning of a 

propellant measured normal to the burning 

surface. 

caliber. The diameter of a projectile or the diam- 
eter of the bore of a gun or launching tube. 
Axial distance equal to the caliber. 

cannon. A complete assembly, consisting of a 
tube and a breech mechanism, firing mech- 
anism or base cap, which is a component of a 
gun, howitzer, or mortar. May include muzzle 
appendages. The term is generally limited to 
calibers greater than 1 inch. 

catapult. An engine which accelerates a load by 
means of a piston driven by high pressure gas 
such as may be generated by the burning of a 
propellant. 

characteristic velocity. A figure of merit of a 

p A o 

rocket propellant, defined as " . . 

W 

composite propellant. A propellant system com- 
prising a discrete solid phase dispersed in a 
continuous solid phase. 

covolume. Volume occupied by a gas when com- 
pressed to its limit of compression. 



critical diameter. Diameter of an explosive col- 
umn below which detonation will not propagate. 

deflagration.* Burning process in a solid system 
comprising both oxidant and fuel in which 
the reaction front advances at less than sonic 
velocity and gaseous products if produced move 
away from unreacted material. A deflagration 
may, but need not, be an explosion. 

degressivity. Decrease of weight rate of burning 
as web is consumed. 

deterrent. A material added to a propellant com- 
position or applied to the surface of a grain to 
decrease the flame temperature or rate. 

detonation. An explosion characterized by propa- 
gation of the reaction front within the reacting 
medium at supersonic velocity and motion of 
the reaction products in the same direction 
as the reaction front. 

double-base propellant. A propellant with two 
explosive ingredients, such as nitrocellulose and 
nitroglycerin. 

erosive burning. Burning at a rate higher than 
normally associated with existing pressure, due 
to velocity of combustion products over the 
burning surface. 

expansion ratio. The ratio of the nozzle exit sec- 
tion area to the nozzle throat area. 

explosion. A very rapid chemical reaction or 
change of state involving generally production 
of a large volume of gas and resulting in rup- 
ture of the container if present and generation 
of a shock wave in the surrounding medium. 

filler.* Discrete material dispersed in substantial 
quantity in the continuous or binder phase of a 
composite propellant. 

flow, equilibrium. Condition of continuous chem- 
ical equilibrium during expansion in the nozzle. 

flow, frozen. Condition of no chemical reaction 
during expansion in the nozzle. 

*Differs signiflcantly from definition given in M1L- 
STD-444. 
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force. A figure of merit of a gun propellant, 
defined as ^^ L . 

M 

fase. An igniting or explosive device in the form 
of a cord, consisting of a flexible fabric tube 
and a core of low or high explosive. Used in 
blasting and demolition work, and in certain 
ammunition. 

fuze. A device with explosive components de- 
signed to initiate a train of fire or detonation 
in an item of ammunition by an action such as 
hydrostatic pressure, electrical energy, chem- 
ical action, impact, mechanical time, or a 
combination of these. Types of fuzes are dis- 
tinguished by modifying terms forming part of 
the item name. (In some cases the explosive 
components may be simulated or omitted.) 

gas generator. A device for producing gas, by 
burning of solid propellant, to pressurize a tank, 
drive an engine, or actuate a mechanism. 

grain. A single piece of solid propellant, regard- 
less of size or shape, used in a gun or rocket. 

"green." Wet with solvent during the manufac- 
turing process. 

grist. Particle size distribution, especially that 
produced by grinding. 

gun. A piece of ordnance consisting essentially 
of a tube or barrel for throwing projectiles by 
force, usually the force of an explosive but 
sometimes that of compressed gas, spring, etc. 

heat of explosion. Heat evolved in burning (ex- 
ploding) a sample in a combustion bomb in an 
inert atmosphere under standardized conditions 
of pressure and temperature. 

igniter. A specially arranged charge of a ready 
burning composition, usually black powder, 
used to assist in the initiation of a propelling 
charge. 

impulse. Product of thrust X time. 

inhibitor. A material applied to surface(s) of pro- 
pellant grains to prevent burning on the coated 
surface(s). 

JANAF. (abbr). Joint Army-Navy-Air Force. 
jato. /et-assist fake off, a rocket motor used to 

supplement the engines of an aircraft or missile 

at takeoff . 

M & V. (abbr). Moisture and volatiles. 
mass ratio. Ratio of the weight of the propellant 
to the weight of the loaded rocket. 



mesa propellants. Propellants which show nega- 

tive values of n over short pressure ranges on 

a plot of log r versus log P for r = bP". 
monopropellant.* A single physical phase com- 

prising both oxidizing and fuel elements. 
mortar. A complete projectile-firing weapon, 

rifled or smooth bore, characterized by shorter 

barrel, lower velocity, shorter range, and higher 

angle of fire than a howitzer ora gun. 
plastisol. A flowable suspension of a polymer in 

a plasticizer which the polymer may later imbibe 

to produce gelation. 
plateau propellant. Propellant showing a region 

of markedly reduced slope on a plot of log r 

versus log P for r = bP". 
port area. The area of any opening through which 

gas moves. Specifically the area of a discharge 

end of a grain perforation. 
pot life. Length of time a temporarily fluid sys- 

tem can be held or worked before setting up to 

a solid. 

primer. An assembly which ignites a propelling 
charge, especially in gun ammunition. 

progressivity. Increase of weight rate of burning 
as web is consumed. 

resonance rod. A rod inserted into the perfora- 
tion of a rocket grain to depress the tendency 
toward unstable burning. 

rocket motor. A nonairbreathing reaction pro- 
pulsion device that consists essentially of a 
thrust chamber and exhaust nozzle, and that 
carries its own solid oxidizer-fuel combination 
from which hot gases are generated by com- 
bustion and expanded through a nozzle. 

shelf life. The storage time during which an item 
remains serviceable. 

single-base propellant. Propellant comprising only 
one explosive ingredient, e.g., nitrocellulose. 

slivers. Portions of the grain remaining at burn- 
through. 

small arms. A gun of small caliber. Within the 
Ordnance Corps the term is presently applied to 
guns of caliber up to and including 1 inch. Such 
hand and shoulder weapons as pistols, carbines, 
rifles, and shotguns. 

♦Differs significantly from definition given in MIL- 
STD-444. 
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smokeless powder.* Solid monopropellant com- 
prising nitrocellulose, with or without oxidizing 
and/or fuel plasticizers. 

SPIA. (abbr). Solid Propellant Information 
Agency. 

SPIA/M2. Propellant Manual SPIA/M2, issued 
by Solid Propellant Information Agency. 

specific impulse. A figure of merit of a rocket 

F 

propellant, defined as — . 
W 

♦Differs significantly from definition given in MIL- 
STD-444. 



thermochemistry. The derivation of the compo- 
sition, temperature, and derived parameters of 
the combustion products from the composition 
of the propellant, the heats of formation of the 
ingredients and the thermodynamic properties 
of the products. 

triple-base propellant. Propellant with three ex- 
plosive ingredients, such as nitrocellulose, nitro- 
glycerin, and nitroguanidine. 

web. Thickness of propellant wali consumed by 
burning. 
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Abel equation. See Noble-Abel equation 



ABL short calculation for specific impulse 
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Acceleration 
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Acetone 
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Aircraft starter 
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Aluminum 


17 




Ammonium nitrate 


44 


58 


Ammonium Perchlorate 
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44 


Ammonium picrate 
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Annealing 


80 




Asphalt 


89 


95 


Autoignition test 
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B 

Bachmann-process (RDX) 
Bali Powder 
Barium nitrate 
Barrel life. See Erosion 
Bazooka 
Beaker 
Binder 
fuel 

monopropellant 
volume fraction 

Black powder 
Blasting powder, A 
Blasting powder, B 
Blending 
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Block breaker 
Boiling (nitrocellulose) 
Brittle temperature 
Burning 

area, or surface, S 

distance 

of propellants 

rate, linear, r 

rate, weight or mass, W 
unstable 
Bursting charge 



Calorific value, Q 

Calorimeter, Boas 

coal 
Calorimetry 
Cannon propellent 
Carbon black 
Carpet rolling 
Case bonding 

Casting 

Cast double-base process 
Casting powder 
Casting solvent 
Catalyst, polymerization 
Catalyst, burning rate 
Catapult propellant 
Cellulose acetate 

Cellulose nitrate. See Nitrocellulose 
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62 
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M 
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Centralite 

ethyl 

methyl 
Centrifugal wringer 
Characteristic velocity 

calculated, c 0 * 

measured, c* 
Charcoal 
Chromium 
Coating 
Cobalt 
Cold flow 
Colloid, protective 
Composite 

fuel binder 

monopropellant binder 

propellant 
Composition dust 
Compression molding 
Compressive strength 
Configuration 
Conservation equations 
Corning mill 
Corrosion 
Covolume, a 
Creep 

Critical diameter 

Cross-linking 

Curing 

Cutting machine 
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D 



Deflagration 
Deformation 
Degressivity 
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Denitration 


66 




Density, p 


13 


27 




99 




bulk 


72 




gravimetric 


27 




de Saint Robert equation (burning rate) 


13 




Desiccant 


27 




Detonation 


17 


27 


Dextran 


66 




Die 


66 


72 


Diethylene glycol dinitrate 


49 


59 


Diffusion 


16 


27 


Diisocyanate 


98 




Dinitrotoluene 


50 




Diphenylamine 


48 


49 


Double-base propellant 


45 


46 


Dowel rod machine 


80 




Dummy. See Inert simulant 






Du Pont mechanical dipping process 


62 




Dust 


72 




E 






Elongation (tensile) 


28 


95 


Emulsion 


75 




Endothermic groups 1 1 02 1 




Enthalpy 


0 




Envelope 


\23\ 


27 


Equation of state 






Erosion 


m 




Erosive burning 


15 


23 


Erosjvity constant 


15 




Ether-alcohol (solvent) 


46 


66 


Ethyl acetate 


74 




Ethyl centralite. See Centrante, ethyl 






Expansion ratio 
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Explosive, high 
Explosive, primary 
Extruder 

Extrusion, solvent 
solventless 



40 



42 



101 



66 



80 



94 



Filler 
Firedamp 
Fizz zone 

Flame temperature at constant pressure, T p 
temperature at constant volume, T r 

zone 
Flash 
Flaws 
Flow 

equilibrium 

frozen composition 

laminar 

turbulent 
Flying cutter 
Foam zone 
Force 

See Specific force relative, RF 
Free radical 
Fuel 

Fuse, safety 
Fuze 

G 

Gas 



16 



112 



40 



EH 

m 

0 



12 



0 



15 



10 



generator propellant 


24 


50 




N 


89 


horsepower, Ghp 
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Gas (Cont.) 

1 

volume, — 
M 

Glazing 
Grain 
cord 

cruciform 

dual composition 

multiple-perforated 

rod and shell 

segmented 

slotted-tube 

star-perforated 

strip 
Granulation 
Grist 
Gun 

Guncotton 
Gunpowder 
Gun propellant 

H 

Heat 

capacity, C p 
loss 

of explosion, Q 
of formation, AE 
test 

Hirschfelder- Sherman 

calculation 

constants 
HMX 

Humidity, relative 
Hydrogen chloride 
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Hygroscopicity 



27 


36 


52 


93 



44 



46 



48 



I 

Igniter 

Ignitibility 

Ignition 

Impact strength 

Impetus. See Specific force 

Impulse, total 

Incorporation 

Inert simulant 

Inhibitor 

Interior ballistics 
J 

JANAF 

Physical Properties Panel 
Static Test Panel 
Thermochemical Panel 

Jerk 

Jordan engine 
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Lacquer 
Lead 

Lithium Perchlorate 
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Macerator 

Mandrel 

Mannan 
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Mass 

fraction. See Mass ratio 

rate of discharge 

ratio 
Melting point 
Mesa propellants 
Metal fouling 

Military blend (nitrocellulose) 
Milori blue 
Mineral j elly 
Mixer 

Schraeder 

sigma blade 

vertical 
Mixing 
Mock-up 

Modulus (Young's) 
Mold 

Molecular weight 
Monopropellant 

Mortar propellant 
Multiple-grain charge 
Muraour equation (burning rate) 
Muzzle 

energy 

velocity 

N 

Neck 
Neutrality 

Nitrator (nitrocellulose) 
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Nitrocellulose 


45 


58 


boiling 


62 




military blend 


46 




nitrator 


62 




nitrogen content 


46 


65 


poaching 


65 




reclaimed 


74 




solubility 


46 


66 


viscosity 


46 


48 


wood 


66 




2-Nitrodiphenylamine 


48 




Nitrogen content (nitrocellulose) 


46 


65 


Nitroglycerin 


45 


46 




68 


75 


Nitroguanidine 


37] 


42 


Noble-Abel equation 


0 




Nozzle half-angle 


m 




O 






Opacity 


50 




Oxidizer 


16 


89 
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48 



49 



52 



58 



94 



102 



Perfect gas equation 
PETN 

Phase changes 
Phthalates 
Piobert's Law 
Pistol propellant 
Plasticity 
Plasticizer 

fuel 
oxidant 
Plastisol 
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Plateau propellants 
Poaching, nitrocellulose 
Polyisobutene 
Polymer 

concentration 

Poly(methyl methacrylate) 
Poly(petrin acrylate) 
Polypropylene glycol 
Poly(trinitroethyl acrylate) 
Poly(vinyl chloride) 
Poly(vinyl nitrate) 
Porosity 

Port-to-throat ratio 
Pot life 
Potassium 

nitrate 

Perchlorate 

salts 
Premixing 
Prepolymer 
Press 

blocking 

dehy 

extrusion 

finishing 

macaroni 

screening. See Press, macaroni 
Pressure 

chamber, P 

maximum 

index, n 
Primer 
Progressivity 
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Prussian blue 

Pulverizer 

Pycnometer 

Pyrocellulose (nitrocellulose) 
Pyrolysis 



93 



Quality assurance or control 
Quickness, relative, RQ 

R 

RDX 
Reduced 

characteristic velocity 

specific impulse 
Reel 

Resonance rods 

Roberts process (nitroguanidine) 
Rocket propellant 

Roli mills 

Rolled sheet process 
Rolls 

cutting 

sizing 
Rubber 

butadiene — acrylic acid copolymer (PBAA) 
butadiene — 2-methyl-5-vinylpyridine 
copolymer 
GR-I 

polysulfide 
Polyurethane 
Rule die 
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Saltpeter 
Screening 

Second order transition temperature 

Semilive 

Shear 

Shelf life. See Stability 
Shock 

Single-base propellant 

Slivers 

Slurry 

casting 

mixing 
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45 
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Small arms propellant 


27 


54 


67 


72 


Smoke 


40 
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Smokeless powder 


45 








Sodium nitrate 


33 








Solubility (nitrocellulose) 


46 


66 






Solvent 










removal 


72 








residual 


27 


50 


53 


66 


volatile 


27 


52 


54 




Specific 










force, F 


0 


0 


10 


20 






m 




58 


heat ratio, y 


0 


0 






impulse, I sp 


0 


\m 


[22l 


45 






UU 
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calculated, I— 


0 


0 


50 




measured 


\m 








volume 


0 








volume 
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Sporting propellant 


50 


67 


Stability 


36 


42 


Stabilizer 


45 


48 


Static electricity 


72 




Static test 


23 




Still 


74 




Stress relaxation 


28 




Sulfur 


33 




Summerfield equation (burning rate) 


13 




Supersonics 


84 




Surveillance test 


52 




Sweetie barrel 


72 





72 
52 



61 



Tailings 
Taliani test 

Temperature coefficients of burning 
Temperature, initial 
Tensile strength 
Thermal 

conductivity 

decomposition 

expansion coefficient 

insulation 

layer theory 
Thermochemistry of propellants 
Thermoplastic 

Thiocyanate process (nitroguanidine) 
Thrust 

coefficient 

coefficient and expansion ratio tables 
Triacetin 

Triethylene glycol dinitrate 
Triple-base propellant 
Two-temperature theory 
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V 

Vapor pressure 
Velocity, burned 
Vibration modes 
Viscosity 

of nitrocellulose 
Volumeter 

Volumetric efficiency 
W 

Water gas equilibrium 
Web 

Wheel mill 
Wire 

Woolwich process (RDX) 
X 

X-rays 
Xylan 
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